N95- 27071

/S FI952 5¢ s,

4

MODELS FOR VARIOUS ASPECTS OF DWARF
NOVAE AND NOVA-LIKE STARS

I. HISTORY OF MODELING
A. HISTORICAL OVERVIEW

RELEVANT OBSERVATIONS: For about the
first 100 years of research in dwarf novae, almost
only outburst light curves were known. Neither
photometric nor spectroscopic variabilities on time
scales shorter than a couple of hours were re-
solved. Practically no nova-like systems (in the
modern sense of the word) were known.

see: 15, 21, 95

ABSTRACT: The first attempts to explain the
nature of dwarf novae were based on the assump-
tion of single-star phenomena, in which emission
lines were assumed to be caused by circumstellar gas
shells. The outburst behavior was tentatively ascribed
to the kind of (also not understood) mechanism
leading to nova outbursts. The realization that some,
and possibly all, dwarf novae and nova-like stars
(and novae) are binaries eventually led to models
which bore more and more similarities to the modern
interpretation on the basis of the Roche model.

The first dwarf nova, U Gem, was detected
in 1855; SS Cyg followed in 1896; and soon
afterwards they were joined by ever more
similar objects. Along with these detections,
from the beginning of this century on, ever new
attempts were undertaken to develop concep-
tual models of what a dwarf nova may consist
of physically. The major problem, and the
reason for the failure of all attempts to arrive
at a suitable explanation until the 1950’s, was
that no strictly periodic pattern couid be found
in any of the dwarf nova light curves. Only the
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availability of ever larger telescopes and ever
more sophisticated technology, finally, in 1955,
revealed the searched-for periodicity in the
nova-like star AE Aqgr and in the old nova DQ
Her and thus their binary nature (the strong
similarity between novae, dwarf novae, and
nova-like stars meanwhile had well been
established). This quickly led to the formula-
tion of the Roche model (Chapter 4.11.A) which
is still today the only serious model for these
objects and, in fact, in an ever more
sophisticated form, seems to be able to account
for at least the majority of the observed
features.

A brief survey is given below of the develop-
ment from initial tentative interpretations to the
modern understanding. As we approach the
present era in the historical summary, more and
more features in the successive attempts to ex-
plain these stars emerge which resemble the
modern explanation, and, in retrospect, the
development towards the Roche model appears
to have been rather direct, until, at one point,
this model must have seemed an obvious next
step.

For about the first century of observations
of dwarf novae, photometric observations were
mostly restricted to visual brightness estimates;
spectroscopic measurements were, when possi-
ble, of very low wavelength and temporal
resolution. Thus, attention was focused on the
outburst behavior alone, while the existing
periodicities, on the order of hours and less, re-
mained undetected. This led to some immensely
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valuable statistical investigations of the out-
burst behavior of the two brightest objects, SS
Cyg and U Gem, which are discussed in
Chapter 2.11.A. However, detailed and exten-
sive as these studies were in revealing some ob-
vious correlations, they provided but little aid
for constructing models. Certain observational
features were particularly puzzling, like the oc-
casional standstills of Z Camelopardalis stars
or the temporary suspension of activity in SS
Cyg (the only known example at that time); but
in first attempts at interpretation these were
ignored.

Eventually the first observations of U Gem
were almost entirely forgotten. Prejudices due
to our modern ideas about its nature make it
hard to believe that there is any basis at all to
what was historically reported: Hind (1856),
on December 15, 1855, was the first person to
detect U Gem as a 9th mag star in the sky, in
a field which, he claims, he had been familiar
with for five years (the outburst period of U
Gem has been between 60 and 150 days ever
since, and the maximum brightness always has
been on the order of 9 mag). Did it only in 1855
start its outburst activity? Some support is given
to this conjecture by reports of very unusual
behavior at somewhat later times (van der Bilt,
1908): Pogson, who was reputed to have been
a very careful observer, reports having seen
“‘the variable subject to strange fluctuations of
intervals of 6 to 15 seconds, and quite to the
extent of 4 mgs. The neighboring small stars
were steady, not at all twitching like the
variable. The phenomenon. ... was watched
for about half-an-hour. . ..”’; and according to
van der Bilt, other observers also described the
star as being very variable at that time; no
similar reports can be found for later times.
Similar behavior has never been reported for
any other dwarf nova or nova-like star.

Van der Bilt (1908) seems to have been one
of the first persons to attempt to gain some hints
for a model from inspection of the then already
huge data base of outburst records of U Gem,
but he ends his article with a discouraging state-
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ment: ““All attempts to detect some law in the
changes of the period have failed.... As the
material now lies before us, only useless
speculations can result from it.”” But he also
expresses his hope that, with further careful ex-
tended observations, ‘‘the day may come, when
Mr. J. A. Parkhurst’s statement of some ten
years ago ‘predictions in regard to it [U Gem],
can be better made after the fact’ will be left
wholly to oblivion.”

Van der Bilt (1908) reports a first interpreta-
tion by Nijland, who tentatively assumes that
long and short eruptions are essentially iden-
tical, with only short outbursts due to a super-
position of an eclipse at the end of the outburst.
In fact, a subtraction of a short outburst from
a long one (for SS Cyg and U Gem) leaves a
curve like that known from Algol variables. It
is not explained, however, how an eclipse, i.e.,
a geometrical phenomenon, can account for the
clearly not constant time intervals between suc-
cessive short maxima, and for the irregular se-
quence of short and long maxima.

More usual attempts at explanation were
based on the appreciation of the features com-
mon to novae and dwarf novae: a quick and
sudden rise to maximum, and a slower decline.
In some cases, similarities in the spectra can be
noted as well. Common, or at least similar,
underlying causes for the brightness changes
were suspected, supported by the realization
that dwarf novae and recurrent novae seem,
statistically, to follow the same relation between
time spent in minimum state and amplitude of
the outburst (Chapter 2.11.A.3). This relation
would predict recurrence times of several thou-
sand years for novae, in full agreement with
their having been observed only once in
historical times. And it also is in agreement with
Gordeladse’s (1938) finding that the mass
ejected by dwarf novae (supposing the same
mechanism is at work as in novae), integrated
over outbursts during some 5000 years,
amounts to approximately the same mass (he
derives some 10%° g) as ejected by a typical
nova during one outburst.



A suggestion by Vorontsov-Velyaminow
(1934) was based on the apparent similarities
of the spectra of several types of stars, all of
which he classifies as ‘‘nova-like:”’ in modern
terms, these are recurrent novae, dwarf novae,
nova-like stars, and also R CrB stars, P Cyg
and others. He supposes that they all are related
to novae in some way: when a nova
undergoes an outburst, he assumes, its at-
mosphere expands considerably; this, however,
is not a stable state because the star collapses
again, and at some state of collapse it reaches
a new equilibrium; according to the
resemblance of their spectra to those of the out-
bursting novae, the ‘‘nova-like’’ stars are
regarded as different final states of this collapse
— recurrent novae, for instance, and symbiotic
stars (using modern terms) did not collapse very
far; since this state is not quite stable in the long
run, one day these stars will undergo an out-
burst. Dwarf novae and modern nova-like stars
have collapsed much further and thus are
moderately stable. That this is no satisfactory
explanation, in fact no explanation at all, for
the photometric behavior of dwarf novae is ob-
vious, since practically none of the then already
known observational features are explained. No
further work along this line has been pursued.

Gerasimovic and Payne (1932) investigated
color changes in U Gem and SS Cyg as they
changed from minimum to maximum state,
respectively. Since they could find changes in
the color index by only 0.3 mag, they concluded
that almost all of the brightness changes must
be ascribed to changes of the radii of the stars,
and that temperature changes play only a
subordinate part.

This opinion is strongly contradicted by
Hinderer (1948), who gained extensive
photometric and spectroscopic observations of
SS Cyg during various stages of activity. He
concluded that most of the changes in
brightness are due to mere changes in
temperature (from some 5650 to 9600 K), ex-
cept during the brightest phases of an outburst
when the star’s radius increases by a small

amount. From the strong hydrogen emission
lines during maximum a Zanstra temperature
of some 20000 to 50000 K (or in some modified
version of 10000 to 15000 K) would have to be
derived, values which to Hinderer seemed unac-
ceptably high; so he concluded that the condi-
tions for the application of this method are not
met and that the star’s shell may be more highly
excited than what corresponds to the
equilibrium value. He also mentioned the ad-
ditional difficulty that He II 4686 A was seen
in emission during quiescence, which also re-
quired an ionization temperature of at least
some 20000 K. During maximum state, only ab-
sorption lines were observed, with no trace of
emissions, which led him to conclude that the
shell producing the emission lines had largely
disappeared or had at least become fainter with
respect to the photospheric region. During in-
termediate stages of decline, a superposition of
broad symmetric absorption lines and nar-
rower, but also symmetric, emission lines was
observed. Since the line centers of both com-
ponents coincided within the accuracy of these
measurements and no changes in radial veloci-
ty could be determined, Hinderer concluded
that the whole outburst was mostly an effect
of variable opacity in the atmosphere, not con-
nected with any relevant motions of material.
The very broad absorption lines which were
observed (corresponding to Doppler velocities
of up to almost + 3000 km/s) do provide
a problem: if they would result from rota-
tional motions of the star, this star would be
torn apart. Elvey and Babcock (1943) argued
that such rotational velocities may still be possi-
ble for a short time when the star goes through
a period of instability during rise. However, this
would not explain how these velocities could be
maintained for many days almost all the way
down the decline. Hinderer rejected this
possibility altogether. He also discarded the
possibility of the widening originating from the
Stark effect, since this would require high
pressures and thus high densities which cannot
be reconciled with the existence of emission
lines. Why there could not be two independent
regions of line emission from which the two

147



sorts of lines could be emitted, he did not com-
ment on. So he concluded with only the
assumption that the lines were broadened by
turbulent motions in the outer layers of the star,
without considering any further what turbulent
motions of the required strength might do to
the atmosphere, and what might cause them.

On the basis of these conclusions, Hinderer
devised a model for the physical processes oc-
curring in dwarf novae during their outburst cy-
cle. He emphasized that the observations he
made of SS Cyg and the conclusions based on
them were in excellent agreement with the spec-
troscopic observations of many other dwarf
novae by Elvey and Babcock (1943), so he con-
jectured that his model might be applicable to
the entire class. Noting that there was no con-
clusive evidence for dwarf novae to be white
dwarfs (as was suggested by Elvey and Babcock
and also by Miczaika and Becker (1948)),
Hinderer, in accordance with Joy (1948),
assumed that dwarf novae were main sequence
stars of type G3 to G4 corresponding to a color
temperature of about 5000 K. In his picture,
they are surrounded by a shell of thin gas ex-
tending outward to some 1.8 stellar radii; this
shell produces the observed emission lines; the
cause of the outburst is believed to be the libera-
tion of some inner energy of the star, as for
novae, which leads to an increase in
temperature and a moderate increase of the visi-
ble radius out to about the outer limit of the
emission line region. The importance of this
region to the emitted radiation is thus largely
reduced, leaving only the absorption spectrum,;
only slowly, when the star’s radius shrinks
during decline, does it gain back its old impor-
tance. The different shapes of the outburst light
curves are due to the energy not always being
liberated in exactly the same way; the similari-
ty of the brightness changes in all the decline
phases results from the system properties during
relaxation, after the energy supply is turned off.
During the time between outbursts new energy
is accumulated. The Z Camelopardalis stars are
regarded as a transition state to ‘‘normal’’
stars.
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The dwarf nova SW UMa was observed spec-
troscopically by Wellmann (1952) during a
maximum. Here also very broad absorption
lines are visible, and Wellmann is concerned
with their interpretation. He immediately
discards rotational broadening as a likely
possibility for the same reason as Hinderer,
namely, that a stellar rotation of 1600 km/s (in
the case of a system such as SW UMa) simply
would not be stable. Turbulent motions as sup-
posed by Hinderer also do not seem reasonable,
since, in order to be strong enough to account
for the observed line width, the turbulent
pressure would inflate the atmosphere up to 10
to 50 stellar radii, in which case the emission
line spectrum would have a distinctly different
appearance. As another possibility, Wellmann
suggests that very broad absorption lines which
already possess the full observed line width,
may partly be filled in by emission originating
in an extended shell of optically thin material
surrounding the star. No explanation is pro-
vided for the questions as to what process may
produce such strong absorption lines and why
the emissions almost always just fill in the line
center and appear as emission profiles of their
own only in less luminous stages.

From radial velocity measurements in 1954,
AE Agqr, classified in modern astronomy as a
dwarf nova or a nova-like star (Joy, 1954}, and
DQ Her, a nova (Walker, 1954b), were detected
to be binary stars; and they were soon follow-
ed by others. This led to the speculation that
possibly all cataclysmic variables are binaries.
In fact, the subsequent detection of the binary
nature of eventually almost all well investigated
cataclysmic variables finally led to a quite pro-
mising model for these stars and represented to
many astronomers (at least until the present
time, and there is no real indication for this
period to be about to end) an end to a long
search. This new ‘‘Roche Model,”’ first outlined
by Crawford and Kraft (1955; 1956), is prac-
tically unchallenged and forms the basis for all
modern interpretation of all the members of the
class of cataclysmic variable stars. It will be
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Figure 4-1. Orbital light curve of the nova-like
variable UX UMa in V, B, and U — from top to
bottom (Johnson et al, 1954). The light curve clearly
is not that of a normal eclipsing binary system.

presented and discussed in detail in Chapter
4.11. For its derivation, observations of the few
known nova-like stars, in particular of UX
UMa, were of great importance. This star and
early explanations of its nature shall now be
presented briefly.

UX UMa has been known since 1933 to be
an eclipsing variable star (Beljawsky, 1933). It
is not just an ordinary eclipsing star, but a very
remarkable one (Figure 4-1): for a long time
it was the one system with the shortest known
orbital period, of only 0.1967 days, but it does
not show the W UMa-type light curve which
would be expected if normal stellar components
are very close together; its light curve looks
similar to that of an Algol star. Any attempts
to derive orbital elements failed, however, since
a hump appears shortly before and extends un-
til shortly after eclipse, and the exact shape of
both the hump and the eclipse are available
from one cycle to the next. Thus it was clear
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Figure 4-2. The first model for UX UMa (Walker
and Herbig, 1954). An inhomogeneous gas cloud is
surrounding one of the binary components.

that this system was not just two normal stars
eclipsing each other. Linnell (1950) proposed
prominences or gaseous streams at some
distance from the eclipsed star, to account for
both the hump before and after eclipse as well
as for a hold seen at rise from minimum light;
the additional gas was assumed to be hidden
by one of the stars at times of normal bright-
ness, and the most active region on one of the
stars was supposed to be eclipsed at times of
the hold; the observed variability of the hump
might be a sign of either variable prominence
activity or variable activity in the steam-like
region. The fact that the hump was decidedly
more pronounced before than after eclipse
could be understood as either different cross
sections of the stream being seen or rather as
some persistent hot spot which was connected
with the advancing hemisphere of the bright
star. (Essentially this same scenario was later
adopted by Walker and Herbig (1954) and fur-
ther refined on the basis of more observational
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material.) A gaseous cloud was proposed with
inhomogeneous temperature distribution hav-
ing a hot *‘head’’ and a cool ‘‘tail’’ to circulate
around the bright component (Figure 4-2). As
will be seen in the next chapter, this interpreta-
tion of UX UMa bares a striking similarity to
the modern explanation via the Roche
model: the gas cloud will be replaced by a
gaseous disc, the bright ‘““head’” by a ‘‘hot
spot,’’ but otherwise it remains about the same.

Before turning entirely to the Roche Model,
one final, though unsuccessful, attempt to ex-
plain the outburst behavior of dwarf novae
should be mentioned. Also inspired by the
discovery that possibly all cataclysmic variables
are binary stars and by his own new theory of
nova outbursts, Schatzmann (1959) tried to ex-
plain the outbursts of the dwarf nova SS Cyg
in terms of a resonance phenomenon between
binary motion and non-radial oscillations of the
surface of one of the stars, leading to ignition
of He burning in locally constrained areas of
the star’s surface. Based on this theory, Zucker-
mann (1961) deduced a more elaborate model
of S§ Cyg. She assumes that the system con-
sists of a G5 main-sequence star and a blue sub-
dwarf — the explosive star — which is em-
bedded in a spherical envelope of ionized gas;
all the system may be surrounded by a cloud
of circumstellar material. By this explanation
the colors of the minimum spectra can be ac-
counted for. During an outburst, she supposes,
the outer layers of the shell which surrounds
the blue dwarf are accelerated outward by the
hot events underneath, but in the course of the
process of expansion the shell cools
appreciably.

Neither of these concepts on the cause of a
dwarf nova outburst or on how the system is
structured and evolves otherwise could stand
up to further confrontation with observations.
The light curves of eclipsing dwarf novae dur-
ing the outburst clearly demonstrate that the
seat of the outburst cannot be a restricted area
on the surface of one of the stars; and an out-
burst is accompanied by a very appreciable
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heating in the system and clearly not by any sort
of cooling.

Eventually the Roche model became the cur-
rently only widely accepted model for a
cataclysmic variable. This is not to say that it
provides the complete solution, and it cannot
be excluded that one day new discoveries will
force us to give up this model and to replace
it with another one; but so far it mostly works.
Thus a gross model seems to apply to all cata-
clysmic objects (with the possible exception of
symbiotic stars), subject to refinements and
modifications which may account for char-
acteristics of sub-classes and peculiarities of
single objects. At the same time, it cannot be
denied that there are observations which either
cannot be explained at all within the framework
of this model, or which can only be explained
by introducing additional, questionable
assumptions.

II. MODERN INTERPRETATION

The history of the first 100 years of obser-
vations of dwarf novae and nova-like stars was
reviewed in the previous chapter. Attempts to
understand the physical nature of these systems
invariably failed until it was determined that all
of these objects, including novae, are probably
binary stars. Now, more than 30 years later,
there is no observational evidence to contradict
this hypothesis, and for theoretical modeling
it has proven to be extremely useful.

Not all cataclysmic variables are known
binaries. In fact, with respect to the entire
number of known objects, the proven binaries
are still the minority, but all the brightest
variables are in fact known to be binaries.
Not a single system is known which exhibits the
usual characteristics of a cataclysmic variable
and at the same time can be declared with cer-
tainty to be a single star. Two systems are
known, the dwarf nova EY Cyg and the recur-
rent nova V1017 Sgr, in which, in spite of in-
tensive search, no radial velocity variations



have been found; but they still exhibit com-
posite spectra consisting of a bright continuum,
an emission spectrum, and a cool absorption
spectrum. If the Roche model is correct, it is
to be expected that a small percentage of ob-
jects is viewed pole-on, so orbital motions do
not make themselves felt as Doppler shifts of
spectral lines. So even these two systems sup-
port the hypothesis that all cataclysmic
variables (with the possible exception of sym-
biotic stars) are binaries.

IILA. THE ROCHE MODEL

RELEVANT OBSERVATIONS: All well-studied
cataclysmic variables turn out to be binary systems
with orbital periods of typically 90 minutes to four
hours. One component usually is a cool main se-
quence star (if the orbital period is not larger than
some 10 hoursj, and the other is usually a hot ob-
ject with a geometry and flux distribution much
unlike normal stars.

see Chapters 2 and 3

ABSTRACT: The canonical model of a
cataclysmic variable is a Roche lobe-filling cool main
sequence star which loses matter into the Roche lobe
of the white dwarf. The transferred material has too
much angular momentum to fall onto the surface of
the white dwarf, but builds out an accretion disc in
which it slowly spirals towards the white dwarf to
eventually be accreted.

Observational evidence for the various com-
ponents has been given in the theoretical
abstracts following major sections in Chapters
2 and 3. Here, a more detailed description of
the basic Roche model is given. For every
binary system it applies that from the combin-
ed effect of the gravitational potentials of the
two stars and their motion around each other,
for each component there is a maximum
geometrical volume, the Roche volume (or, in
a two-dimensional picture, the Roche lobe),
matter contained in which is bound gravita-
tionally to the respective star; outside of this,
matter either is bound to the system as a whole
or, even further outside, it is hardly affected
by the system at all (Figure 4-3). If it is further
assumed that, for the special case of a

cataclysmic variable binary system, one com-
ponent is a white dwarf and the two com-
ponents are close enough to each other so that
one component (normally, but not necessari-
ly, a main sequence star) fills its Roche lobe,
then the model follows immediately.

Based on the evidence that all cataclysmic
variables are binaries (as was first expressed by
Struve, 1955), and making use of promising
aspects of former models, the Roche model for
cataclysmic variables was first developed by
Crawford and Kraft (1955; 1956) and was
quickly established, mainly due to extensive
research by Kraft, Krzeminski, Mumford,
Walker and co-workers (Kraft, 1962b;
Krzeminski, Kraft, 1964; Mumford, 1964,
Kraft, 1965; Mumford, 1966; Mumford, 1967;
Mumford, 1971). The model became more
refined and sophisticated in order to be able to
explain ever more observational details and
properties of cataclysmic systems, but in
essence it never was changed. In particular, the
hypothesis gained increasing support that the
binary nature is a necessary condition for a
system to become a cataclysmic variable.

THE ROCHE MODEL FOR CATACLYSMIC
VARIABLES:

One component of the system, the primary
star, is a white dwarf much smaller than its
Roche lobe, the other, the secondary star, fills
its Roche lobe (Figure 4-4). At the inner
Lagrangian point L, the secondary star
slightly overfills this volume, and thus matter
is spilled over into the Roche Lobe of the white
dwarf. Since angular momentum has to be con-
served, and because of the tiny dimensions of
the primary, this material flying along its tra-
jectory inside the white dwarf’s Roche volume
would not hit the star’s surface, but rather
would meet again the stream of injected matter,
thus forming a ring around the central object.
As viscous forces are at work, the matter
gradually loses angular momentum, and this
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-
Figure 4-3. Roche surfaces.
m!  Material contained in one of the
@ . critical surfaces clearly belongs to
the respective star; the two volumes
touch each other at the inner
Lagrangian point L, (Kopal,
1978).

-

Figure 4-4. The Roche model for
cataclysmic variables.

Hot Spot White Dwarf with  Accretion Disc

Boundary Layer

ring eventually spreads out to form a disc which
lies in the rotational plane of the system,
eventually extending down to the white dwarf.
At its outer rim, where newly incoming material
hits the disc, the so-called hot spot, or bright
spot, is formed. When matter is approaching
the white dwarf it has to get rid of excess
gravitational energy, half of which — according
to the Virial Theorem — is converted into
kinetic energy of the disc material, while the
other half is transformed into radiative energy,
causing the disc to shine as a luminous object.
The white dwarf need not rotate at Keplerian
velocity; thus, at the interface between the in-
nermost disc area and the white dwarf, the disc
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material will have to be braked down to the
velocity of the white dwarf, in the process of
which additional radiative energy will be
liberated and the boundary layer will be
formed.

In this picture, a dwarf nova outburst is at-
tributed to a sudden collapse of much of the
accretion disc, induced either by some process
intrinsic to the disc itself, or by a sudden mass
outburst from the secondary star. A nova-like
star is thought to be a dwarf nova in perma-
nent outburst; and a nova-explosion itself is
thought to be due to a thermonuclear runaway
on the surface of the white dwarf. A special sort



of cataclysmic variable originates if the
primary’s magnetic field is strong enough to en-
tirely prevent the formation of an accretion disc
(as postulated in the AM Herculis-type nova-
like variables). In this case, the matter which
falls in from the secondary star is funneled
directly onto the white dwarf.

I1.B. CONCEPTUAL PROBLEMS AND
BASIC EQUATIONS

ABSTRACT: The Roche model appears to deter-
mine the basic physics of cataclysmic variable
systems. Concerning details, however, the situation
is not yet clear, but it is probably far more com-
plicated than can reasonably be handled theoretically
at this stage.

It is one thing to devise a conceptual model
of a cataclysmic variables system and to
develop plausible explanations for certain
observed features. It is quite another matter to
try to reproduce theoretically observed light
curves or spectra. Allowing the Roche model
to become “‘alive’’ and to consist of physically
reasonable objects rather than two neatly de-
fined balls of gas (the stars) and a smooth disc,
it is obvious that the physical processes in a
cataclysmic system are very likely to be rather
intricate. This somehow has to be accounted for
if computations of the emitted spectrum and
the outburst light curves are to have any
relevance. It will turn out, however, that most
of the physical effects one can imagine likely
to be present cannot now be dealt with
theoretically in a satisfactory way, either for
lack of adequate physical understanding or
numerical skills, or due to limited computer
capacity.

Observations indicate that the secondary
stars are main sequence stars or at least lie close
to the main sequence. In some cases their
temperature and radius can be determined.
From observations the spectral types are deter-
mined to be approximately G to M. In analogy
to what is known about such stars (when they
are single), magnetic activity brings about spots

on the surface, surges, prominences, magnetic
loops, and coronae and mass outflow, all of
which probably does have some effect on other
parts of the system and in turn is influenced by
them. It is not known what effect it has on the
structure and evolution of the star to be con-
fined to the non-spherical shape of the Roche
volume and what influence the dramatic lower-
ing of the gravitational acceleration in the
vicinity of the Lagrangian point L, may have
on the outer layers of the star, and what the
enforced co-rotation (at a speed much higher
than normal for this kind of stars) may do to
the secondary.

The masses, and thus the radii, of the white
dwarfs in cataclysmic variables are known only
with large uncertainty, which probably is of
only little importance for the dynamics of the
system, in particular the disc; but this is of great
importance for the emitted spectrum (Chapter
4.1V). Furthermore, the white dwarf may
possess a magnetic field, like many single white
dwarfs do. Fields with a strength of up to some
10° G normally cannot be measured directly in
these stars, but such fields are able to push the
inner disc radius far away from the surface of
the white dwarf because, at the distance of the
Alfvén radius, the influence of the stellar
magnetic field on the matter circulating in the
disc becomes strong enough to force the mat-
ter to co-rotate with the star’s field lines rather
than follow the motion of the disc, thus disrup-
ting the disc at this distance from the stellar sur-
face. For a strongly magnetic white dwarf
which creates a bi-polar field, the distance of
the Alfvén radius from the stellar surface and
the gross structure of the magnetic field can be
calculated easily (Lamb et al, 1973). If,
however, the magnetic field is weak enough so
that the disc is disrupted relatively close to the
surface of the white dwarf, the field is no longer
bi-polar and conditions become rather
complicated.

Problems are also severe in the seemingly
simpler case of a non-magnetic white dwarf.
For the disc to be stable, matter in the disc is
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expected to rotate at Keplerian velocity. It is
fairly unlikely, however, that the white dwarf
also rotates with this velocity, which for it
would be at the limit of disruption; indeed, it
may not be rotating at all. The probable case
is somewhere between these two extremes. If
the white dwarf is rotating at a velocity slower
than its Keplerian velocity, the matter arriving
from the disc must be slowed down in the boun-
dary layer before accretion onto the white
dwarf is possible. According to the Virial
Theorem the kinetic energy of material close to
the white dwarf is of the same order as the total
energy radiated away by the entire disc. Thus
in the case of a non-rotating white dwarf all this
energy is liberated in the boundary layer. The
faster the white dwarf is rotating, the less
kinetic energy has to be converted into radiative
energy, and the less spectacular the boundary
layer and its radiation will be.

If no frictional forces were at work, the
material transferred into the accretion disc from
the secondary would circulate infinitely around
the white dwarf without ever being accreted. It
is only the viscosity which causes the particles
to lose energy and thus to slowly spiral onto
the white dwarf while the remaining angular
momentum, carried by a small fraction of the
material, is being carried away from the white
dwarf. Thus, the physical parameter which very
critically determines the appearance and tem-
poral behavior of the accretion disc is the

*It should be realized that “‘viscosity’’ is just a different
word to describe the mechanisms of probably turbulent
angular momentum transport in the disc which are
suspected to be present. Its parameterization by, for in-
stance, a quantity «, defined as the ratio of the turbulent
velocity to the sound velocity, including the actions of prob-
ably present magnetic fields (Shakura and Sunyaev, 1973), at
any point in the disc (thus the often used expression *‘a-
disc”’ which refers to just this way of parameterization) has
no real physical meaning other than that of a basically free
parameter which is likely to have different values at dif-
ferent points in the disc. As for its size, considerations about
disk stability require it to be on the order of 10'% cm/sec
(e.g., Hensler, 1982b), which is decidedly larger than
molecular viscosity.
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viscosity, which, however, is largely unknown.*
The viscosity determines how much energy is
liberated at any point in the disc (i.e., the
temperature); it governs the geometrical and,
together with the temperature, the optical
thickness at any distance from the white dwarf;
and it also probably governs the cause and
development, the presence or absence, of any
outburst behavior. Whatever computations in-
volving the viscosity are carried out, some
essential, but still somewhat arbitrary, assump-
tions are needed; and the constraints imposed
by available observations are not as tight as one
would like.

There is one particular assumption —
although it is certainly somewhat arbitrary —
which has proved very useful for spectrum
computations in particular (Chapter 4.1V),
since it provides a simple analytical formula for
the radiation emitted by the accretion disc. The
assumption is that the whole disc is stationary,
i.e., matter transferred from the secondary star
is transported at a constant rate all the way
down onto the white dwarf — in other words,
the mass transfer rate M is constant throughout
the disc. In this case the entire energy emitted
by the disc is

G M, M
L = —— 4.1
4 7 2Ryp

and if a non-rotating white dwarf is assumed,
that same amount is emitted once more in the
boundary layer (see Chapter 4.1V.F). Equally,
under this assumption the effective temperature
T (1) at each distance r from the white dwarf
can be shown to be

3G My M ( R
3

WD

(4.2)
8ror

(all symbols have their usual meaning; for
details of the derivation see Verbunt, 1982). The
term in brackets accounts for the transfer of



angular momentum between the disc and the
white dwarf and imposes a certain, though in
practice probably unimportant, uncertainty on
the value of the effective temperature. It needs
to be stressed, however, that the radial
temperature distribution is not known
theoretically if accretion occurs in some non-
stationary fashion: besides irradiation which
is not considered here, the only energy source
in the disc is gravitational energy, set free by
viscous interaction; if material circulates in the
disc at a constant orbit, no energy is gained.
In Chapter 4.IV.E, ways will be discussed how
temperature distributions can possibly be de-
rived in an empirical way. No matter what the
viscosity is (unless it is unreasonably large), the
material in the disc is rotating at Keplerian
velocity v o corresponding to its distances from
the white dwarf:

G Myyp
Vv = —— (4.3)
r

R

The approximate size of the disc can be
estimated by, on one hand, the observational
as well as theoretical result that is smaller than
some 2/3 of the entire Roche radius and, on
the other hand, by the total size of the Roche
radius which is estimated from the orbital
period and the masses of the two stars as
approximately

R M

Z/RG = 0.959 Z/MO 4.4)

(for details and inherent assumptions see
Chapter 4.11.C.1). The inner disc radius is set
by the white dwarf’s radius in the case of a non-
magnetic, or weakly magnetic, star; and in the
case of a magnetic white dwarf, the exact value
of it at some distance from the surface depends
on the mass of the star, the field strength, and
the mass accretion rate.

The hot spot is the place at which the stream
of infalling matter from the secondary star hits
the accretion disc. From observations, its
azimuthal angle with respect to the line connec-
ting the centers of the two stars is approximate-

ly known; not so, however, its radial distance
from the white dwarf, nor its exact shape.
Depending on how wide the stream is with
respect to the geometrical thickness of the outer
disc, the stream can be imagined to either
swamp this part of the disc or, if it is much nar-
rower, to deeply penetrate into it. Clearly both
the radiation (through the radiation
characteristics of the spot) and possibly the out-
burst behavior (through the place and amount
of energy deposited in the disc — see Chapter
4.111.C.2) of a cataclysmic system depend on
the nature of the hot spot.

One final point is that in a cataclysmic system
radiation emitted by different components and,
to the extent they are present, magnetic fields
will interact with each other and with other
parts of the system changing conditions there.
One can imagine that irradiation is particular-
ly important if strong X-rays are emitted from
the boundary layer and illuminate, and thus
heat, the inner disc close to the white dwarf.
A sort of corona may be formed, which pro-
bably accounts for the very strong emission
lines of heavy elements seen in dwarf novae
during quiescence, as well as strong P Cygni
profiles seen during outburst in dwarf novae
and in many nova-like stars.

I1.C SYSTEM PARAMETERS

Absolute values of parameters of many sys-
tems have been quoted in the literature (e.g..
Cérdova and Mason, 1983; Smak, 1983,
Patterson, 1984; Patterson and Raymond, 1985a;
Ritter, 1984, 1987; Warner, 1987). Since it is im-
portant to have as reliable values of physical
quanities as possible, and since it is even more
important to know how reliable these are, dif-
ferent methods for determining various of these
quantities will be described and discussed in the
following sections. This discussion is not in-
tended to be totally comprehensive; its aim is
mainly to caution, and to point out where in
the determination of these parameters problems
are likely to occur.
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II.C.1 STELLAR MASSES, STELLAR
RADII, AND INCLINATION ANGLES

ABSTRACT: Great care must be taken in the
determination of radial velocity curves that in-
homogeneities in the disc and irradiation of the
secondary star are properly taken into account. Con-
straints due to the Roche geometry have proved to
be important in determining system parameters.

In a normal detached binary system, absolute
masses and radii as well as the inclination angle
can be derived from radial velocity curves and
light curves, applying well-established standard
procedures. Prejudice-free (i.e., model indepen-
dent) application of this procedure to
cataclysmic variables caused much confusion
in the past before the Roche model was applied
to cataclysmic variables; and it led to practically
no useful results. Only two eclipsing double-
lined spectroscopic binaries are known among
these systems, so strictly speaking it should only
be possible to determine masses for these two
systems. Furthermore, from the shape of the
light curves it is clear that the system geometry
is not really that of two detached stellar com-
ponents, so it is highly questionable whether the
inclination angles — and radii — of the stars
could be determined in a meaningful way us-
ing the standard procedure for binary stars.

The establishment of the Roche model
brought about a considerable improvement in
this situation. Geometrical considerations and
the assumption that the secondary star fills its
Roche lobe impose enough constraints so that
system parameters can now be derived for a
large number of cataclysmic variable systems.
At the same time, however, new problems arise.

The function M sin’i can be derived from
the radial velocity curve of each component, as
in other binary systems. There are, however,
major problems in the determination of the
radial velocity curve itself. In the case of the
primary component (white dwarf), the spec-
trum emitted by the star itself is only very rarely
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visible, and if so, it is stil: heavily contaminated
by radiative contributions from the disc. In
most cases the lines which are observable (in
dwarf novae during the quiescent state these are
mostly emission lines) are those originating in
the accretion disc surrounding the white dwarf.
If the disc were perfectly rotationally symmetric
in its radiation pattern, its presence should not
pose a problem, and the orbital motion of, in
effect, the white dwarf would still be
measurable. But it is not. Certainly the hot spot
brings a decidedly inhomogeneous element to
the radiation pattern (which clearly is visible in
the line profiles). However, since neither its
temperature nor its radiation characteristics nor
its position in the disc are known for sure, it
is not clear what part of the line profile is due
to the hot spot and what is due to the disc in
any single case. So clearly the normal way of
fitting a Gaussian profile to the wings of a line
(at least in systems which exhibit a hump) is
bound to include all the distortions caused by
the hot spot, and thus will not yield reliable
results. (Incidentally, Stover (1981b) suggests
that the phase shift of some 5-10° between
emission and absorption components in double-
lined spectroscopic binaries (Chapter
2.111.B.1.d) is due to just the effect). The often
found result that the line centers move with dif-
ferent velocities than the (extreme) line wings
is merely a result of inhomogeneities like the
hot spot. In many, in particular high-
inclination, systems, the Balmer lines exhibit a
double-peaked profile which is explained as be-
ing due to the rotation of the disc; the peaks
are ascribed to the outer edges of the disc and
often radial velocities are derived from them.
It is not clear, however, what this outer edge
is, physically, or whether it is circular — thanks
to the hot spot it probably is not — so the same
problem will be encountered as described
above.

The most reliable parts of a line profile for
deriving the radial velocity curve are the ex-
treme wings. Radiation producing them in a
Keplerian rotating disc originates in the inner-
most disc close to the white dwarf, in an area



where at least the influence of the hot spot
should be negligible, even though it cannot be
excluded that inhomogeneities exist also there.
At any rate, this seems to be the safest way to
measure the radial velocity of the primary star.
Shafter (1985) compared radial velocity curves
of T Leo derived from different portions of the
line wings (Figure 4-5) and found that the
results depend dramatically on how the mea-
surement was carried out. He suggests that the
most reliable results can be obtained when
several radial velocity curves are derived from
different points in the line wings, so the point
can be determined where the line wings just
begin to merge into the continuum, believing
that this then probably reflects most closely the
motion of the white dwarf.

As for the secondary star, at first glance there
should not be any problems; as long as the cool
absorption spectrum is measurable it probably
represents the cool star. That things are not that
simple was first pointed out by Robinson et al
(1986) who realized that the seven (!)
measurements of the radial velocity amplitudes
K, and K, for SS Cyg (which really should be
the best measured radial velocity curve of all)
all yield largely discordant results which do not
even agree within the indicated errors (Table
4-1). A closer investigation of this case revealed
that heating of the secondary star (of that half
facing the disc) by the accretion disc changed
the amplitude of the radial velocity curve (K,
and also distorted it into a non-sinusoidal shape
(Figure 4-6).

If both radial velocity curves, that of the
emission spectrum (disc/white dwarf) and that
of the absorption spectrum (secondary star) can
be measured with some confidence, the orbital
period P and the ephemeris T, can be deter-
mined; furthermore, it is possible to obtain the
“‘system velocity’’ v *, the mass ratio q, the
distance between the centers of gravity, and the
individual masses, all as some function of the
angle of inclination.

In a double-eclipsing system the angle of in-
clination can be derived with fairly high ac-

curacy from geometrical considerations, using
contact times and system dimensions (Figure
4-7a), if the eclipses are identified as those of
the white dwarf in first ingress and first egress
and of the hot spot in second ingress and se-
cond egress (Smak, 1979; Ritter, 1980; Patter-
son, 1981; Vogt et al, 1981; Berriman, 1984;
Priedhorski et al, 1987). In the case of a single
eclipse the system geometry can be invoked only
in combination with the mass ratio to derive
some upper and lower limits for the inclination
angle (Figure 4-7b). If no eclipse can be
observed, guesses of the inclination angle i are
much more complicated and mostly rely on the
presence or absence of a hump in the optical
light curve.

As already noted, the constraints imposed by
the Roche geometry have proved to be a big ad-
vantage in determining system parameters. The
radiation of a spherical star filling the same
volume as a Roche lobe-filling star has been
computed by Paczynski (1971) to be

R,/a = 0.38 + 0.20log q (4.53)

for 0.3 < g <20

R,/a = 0.462 (——)"%  (4.5b)

1 + g

for 0 < q<0.8

with

q = MZ/M] s

ie., R, only depends on the mass ratio and the
distance between the two stars. Furthermore,
there is plenty of evidence that the secondary

*Observations of several dwarf novae during outburst (e.g.,
SS Cyg, SU Ursae Majoris stars — see Chapter 2.111.B.2)
demonstrate, however, that 4 can be a convolution of the
system velocity and something else, since it is observed to
be variable.
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Figure 4-5a. Depending at what distance (a, in A)
JSrom the center of an emission line the radial velocity
of a cataclysmic variable system is measured
(here: T Leo), different amplitudes K, are obtain-
ed; o/K, is a measure for the noise which increases
strongly where the line wings merge into the con-
tinuum. The amplitude variation is attributed to in-
homogeneities in the accretion disc (Shafter, 1985).

stars in systems with orbital periods below some
6 hours are indistinguishable from main se-
quence stars; for the latter there exists a rela-
tion between mass and radius which, to a fair-
ly good approximation, is given by

RZ/Ro = 0.959 MZ/MO (4.6)

(Warner, 1972; 1976) for the range of interest
for cataclysmic variables. Combining this with
equation 4.4 and Kepler’s third law yields

MZ/MO = 3.18 x 10-5 P[s] 4.7

(Warner, 1976). So the knowledge of M, M,
sin®i, q, and the orbital period immediately
provides a reasonably reliable inclination and
thus individual masses.
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Figure 4-5b. The radial velocity curve of T Leo,
measured from the outermost wings of the emission
lines (Shafter, 1985).

ae
65

5@

35 )
2e

RADIAL VELOCITY {KM/SEC

- o

L]
-

®

[ ]
[ ]

/.

2.2 8.2 2.4 8.6 e.8 2.0 8.2
ORBITAL PHASE

Figure 4-5c¢. The radial velocity measured from the
centroid of the Ha emission line (same spectra as for
Figure 4-5b). A satisfactory fit is clearly not possible
(Shafter, 1985).

The spectrum of the secondary star normally
can only be measured in longer period
cataclysmic variable systems, the more normal
case being that only the emission spectrum,
originating in the accretion disc, is visible.
However, in this case too the Roche geometry
helps to determine more system parameters
than one normally would expect, although
results become less reliable as more assumptions
about system components and dimensions have
to be introduced. Warner (1973) shows that the
ratio between the radial velocity amplitude K,
and v sin i for the equilibrium radius for a par-
ticle which is newly spilled into the Roche lobe
is a function of only the mass ratio:

K, _ g q
v(rq) sin i (1 + q)?

(4.8a)

with
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Figure 4-6. Theoretical radial velocity curves for a
K5V star in SS Cyg for different mass-transfer rates.
The distortions of the shape and amplitude are due
to heating of the secondary star by the disc and the
white dwarf (Robinson et al, 1986).
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Figure 4-7b. In the case of a single eclipse, only upper
and lower limits of the inclination angle can be
obtained, from considerations about the system
geometry (Robinson, 1974).

Figure 4-7a. In a double eclipsing system, the angle
of inclination can be derived with high accuracy from
the contact times of the eclipses of the white dwarf

t-ty(s) and hot spot, respectively (Ritter, 1980).

f(q) = 0.500 — 0.227 log q , (4.8b)

for 0.1 < g<10

where (f is the distance between the center of
the white dwarf and L (Warner, 1976).
Furthermore, he shows that

R2
M, "

= (Y X @)

x P% (0.38 + 0.20 log q),

which is only weakly dependent on q provided
0.1 <q<1(Warner, 1973). So in combination
with the mass-radius relation (equation 4.4), the
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mass of a cataclysmic variable system can be
determined for every system for which the
radial velocity curve of the emission lines can
be measured.

Difficulties with this method are ob-
vious: how can v(r ) sin i be measured, and
what part of the line profile represents radia-
tion emitted from this hypothetical equilibrium
radium in the disc? Warner (1976) tentatively
identifies the half-width of the emission pro-
files with this value, but the physical
significance of this is not at all clear. Schoembs
and Vogt (1980) suggest a modification of this
method of mass determination which is based
on measurements of the far line wings, which
originate in an area adjacent to the white dwarf.
Their method probably yields much more
reliable results since it is based on more reliable
measurements. Further complications arise, of
course, from measurements of Kl, as discuss-
ed above, and from the not very well determin-
ed mass-radius relation.

Robinson (1976) suggests an alternative to
determine the masses if either the mass ratio gq
is known (for all double-lined systems) or, in
the case of single-lined systems, if the inclina-
tion angle is known. In the first case, use is
made of the relation between the secondary’s
mass and the orbital period, similar to equa-
tion 4.5:

M,;2 = [0.996 10-8 P2 (1+¢@

(4.10a)
X (0.38 - 0.2 log q)*]/0.804

with a=Mn O @b

{Robinson, 1976). In the second case, the above
equation is solved simultaneously with the
equation for the mass function for cataclysmic
variables:
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M, sini _ P K}
(1 + q)? 27G

, (4.11)

the right-hand side of which only contains
known values (in the case of a single-lined
system). The advantage of this method over the
method suggested by Warner (1976, see above)
is that all the necessary input values can be
determined reliably (while the basic assumption
about the nature of the system and in particular
about the secondary are the same). The disad-
vantage is that the difficulty of measuring the
radial velocity curve of some ill-defined radius
at the outer edge of the disc is replaced by the
not necessarily easier task of guessing the in-
clination angle.

Another procedure for determining the
parameters of the secondary star relies on con-
siderations of, in particular, IR colors (Wade,
1982). If the contribution of the disc to the IR
flux can be estimated — e.g., from the assump-
tion of a stationary disc with some outer radius
(a maximum of course is the radius of the
Roche lobe), or from the optical and IR flux
distribution, which in some objects shows a
distinct rise to the IR that can be ascribed to
the secondary star — then any excess flux in
the IR is ascribed to the secondary and thus its
spectral type can be determined. Assuming that
it is a main sequence star, the mass and radius
follow immediately. The obvious shortcoming
of this method is that the IR flux of the disc
is extremely poorly known. A more reasonable
estimate would go the other way, namely, if
from the size of the secondary’s Roche lobe
(i.e., from the orbital period — see equation
4.5) its IR flux is estimated, the contribution
of the disc at IR wavelengths can be
determined.

An unconventional method of determining
the inclination angle was devised by Horne et
al (1986). They made use of the constraints that
the mass of the white dwarf must not exceed
the Chandrasekhar limit and that the secondary
is a main sequence star, and then used Monte
Carlo techniques to determine that value of i



which with the highest probability produced the
observed values of K, and K,.

II.C.2 ABSOLUTE MAGNITUDES AND
DISTANCES

ABSTRACT: In principle the spectral type of the
secondary star can be used to determine absolute
magnitudes. Relatively well-defined observational
relations exist between the V-magnitude of a dwarf
nova in outburst and the orbital period, and between
the V-magnitude and the equivalent width of the Hf3
emission line, the UV absorption feature at 2200 A,
if present, should be indicative of the distance.

A search in the literature for distances and
absolute magnitudes of dwarf novae and nova-
like stars yields a wealth of values for each
system which, even within the error limits,
disagree. Since these values were derived under
various assumptions, this very clearly reflects
the serious difficulties which are encountered
in this task, and leads one to suspect the large
errors reflect a strong model dependence.

The first determinations of absolute
magnitudes and/or distances of dwarf novae
were based on parallax determinations. For U
Gem and SS Cyg, trigonometric parallaxes were
derived (Strand 1948; van Maanen, 1938;
Becker and Mczaika 1948). A mean absolute
brightness during minimum was derived for U
Gem, SS Cyg, RU Peg, and EM Cyg from
radial velocities and proper motions (Kraft,
1962b). This latter method is particularly
dubious since, as has been discussed above,
measurements as well as interpretations of the
radial velocity curves are very difficult, and it
is not at all clear what is being measured.

In many systems, in particular in those with
longer orbital periods, the spectrum of the
secondary component is visible in the optical,
or at least in the IR. Under the (justified — see
Chapter 4.1V.C) assumption that it is a main
sequence star, it is in principle possible to deter-
mine its absolute magnitude — thus that of the
entire system — from estimating its spectral

type. This method has been applied to many
systems (e.g., Wade, 1979, 1982; Berriman et
al, 1985). If radial velocity measurements of the
late spectrum are available, a determination of
the spectral type should be straightforward and
fairly accurate. If only low-resolution spectra
or colors are available, however, it is usually
not clear what contribution to the observed flux
can be ascribed to the outer cool areas of the
accretion disc. The constraint that the secon-
dary fills its Roche lobe helps to provide a fairly
reliable guess in cases where the mass ratio and
the orbital period are known.

Bailey (1981, see also Warner, 1987) cali-
brated the surface brightness of the cataclysmic
variable secondaries in the K-band, arriving at
the relation

(4.12a)
= R
Sk K+510gd+510g(/R®)
with
S = 2.56 + 0.508 (V-K) (4.12b)
for (V-K) < 3.5
Sy = 4.26 + 0.58 (V-K)

for (V—K) > 3.5

(Figure 4-8). He points out that the interstellar
absorption is no problem at these wavelengths,
and that the K magnitude is relatively insen-
sitive to the temperature of the cool star. If the
period and mass ratio of a system are known,
the secondary’s radius can be derived (see
Chapter 11.C). So the main difficulty again is
to estimate the contribution of the star in the
V band — which is a very serious problem for
most systems, since here the flux from the star
is probably weak while that from the disc can
be fairly strong. Unless other information
about the secondary is also available to con-
strain possible values, the errors in distances
derived by this method are expected to be
considerable.
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Figure 4-8. The surface brightness of the secondary
stars in the K band (22000 A) is a good measure of
their effective temperature (Bailey, 1981).

Warner (1987) found that there exists a
relatively well defined relation between the ab-
solute V magnitude of dwarf novae, in par-
ticular during outburst, and the orbital period
(Figure 2-14; the theoretically inferred relation
between the absolute magnitudes and mass
transfer rates in cataclysmic variables is in-
dicated as well)

(4.13)
M, (max) = 5.64 — 0.259 P[hr],
+0.13  +0.024

which then provides absolute magnitudes for
all dwarf novae for which the orbital period has
been determined with an accuracy of + 0.23
mag.

Finally, the interstellar absorption feature at
2200 A has been used frequently to derive
distances since the availability of UV spectra.
Reddening curves have been published by, e.g.,
Nandy et al (1975) and Seaton (1979). In order
to derive the amount of reddening, the observed
spectra are corrected for interstellar absorption
by using successively different values for
E(B-V) until the absorption feature disappears
from the spectrum, Normally results derived by
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Figure 4-9. An empirical relation has been derived
between the equivalent widths of the HfB emission
line and the absolute visual brightness of the accre-
tion disc of cataclysmic variables (Patterson, 1984).

this method are not in striking disagreement
with values determined by other means,
although error limits are fairly large — since
the “‘best fit’’ is to some degree a question of
taste. Furthermore, it is not certain that one
single absorption law is applicable equally
reliably to all directions in the Galaxy. Also ex-
perience has shown that great care must be
taken to use well-exposed spectra for this pro-
cedure, since otherwise results are unreliable.
Only an upper limit can be derived for most
dwarf novae and many nova-like stars,
however, since due to their proximity to the
Earth no dip in the interstellar absorption is
visible in the spectrum.

Patterson (1984) finds an empirical relation
between the equivalent width of HB and the
visual magnitude of cataclysmic variables
(Figure 4-9):

(4.14)
EW(HB) = 0.3 M? + €3 M, -4,

which allows an estimate of the absolute visual
magnitude within some + 1.5 mag for systems
with strong emission lines (W, > ISA).



II1.C.3 MASS TRANSFER RATES

ABSTRACT: It is necessary to distinguish between
the mass transfer rate from the secondary star into
the Roche lobe of the primary, the mass throughput
through the disc, and the mass accretion rate onto
the white dwarf. All determinations are strongly
model dependent. Determinations based on eclipse-
mapping techniques seem to be the most reliable.

A distinction must be made between the mass
transfer rate from the secondary star into the
Roche lobe of the white dwarf, the mass
throughput through the accretion disc — which
need not be uniform throughout the disc but
well may depend on the distance from the white
dwarf, and, as observations show, is clearly
variable with time — and the mass accretion
rate onto the white dwarf, although this is often
not done carefully in the literature on cata-
clysmic variables. Only in the special (though
theoretically most often considered) case of a
stationary accretion disc are all these values by
definition identical. In all other cases they are
more likely to be different from each other,
while relative relations can easily change with
time: e.g., assuming that the mass transfer
rate from the secondary into the primary’s
Roche lobe is not significantly changed during
an outburst, then this mass transfer rate is
probably the largest of the three during their
quiescent state of dwarf novae, when material
is preferentially stored in the outer disc rather
than transported on towards the white dwarf
and thus the two other rates will be close to
zero; during outburst, on the other hand, when
the matter which was stored in the outer ring
during quiescence is suddenly transferred
through the disc to be accreted by the white
dwarf, the mass throughput is probably largest,
closely followed by the mass accretion rate*,
while the mass transfer rate might temporarily
be smallest. Although one can imagine that dif-
ferences can be fairly large, normally no distinc-

*Some mass is lost in stellar wind, observabile in the P Cygni
profiles, and some is carried outward in the disc, taking
care of the excess angular momentum.

tion is made when values for M are determined,
and implicitly either the mass transfer rate or
the mass throughput are determined.

All known methods for determining the mass
transfer rate are strongly model dependent,
though all give results which agree within sur-
prisingly narrow limits — as long as systems are
considered which probably are close to the
steady state (i.e., nova-like stars in the high
state and dwarf novae during outburst). Fairly
extensive discussions of various methods are
given by (Patterson, 1984; Verbunt and Wade,
1984).

The theory of evolution of cataclysmic
variables (Chapter 4.V.D) assumes that mass
transfer in the ultra-short period systems, with
periods shorter than 2 hours, is driven solely
by gravitational radiation, while above the
period gap magnetic braking (which results in
strong mass loss) is at work. Computations for
the amount of mass loss in short period systems
yield qualitative agreement with mass transfer
rates derived from observations (Patterson,
1984 — see also Figure 4-54), demonstrating
that these mass transfer rates should be on the
order of 10'%to 10" M 4 /yr. For long period
systems above the period gap, larger mass
transfer rates are expected. Thus, in general,
mass transfer rates significantly lower than
10" M o /yr can be excluded for cataclysmic
variables. For an upper limit, values of M both
from observations and from computations
(Figure 4-54), as well as values by other authors,
suggest that mass transfer rates significantly in
excess of 107 M  /yr are quite unlikely to oc-
cur in cataclysmic variables, since then these
systems would be dynamically unstable.

There are several ways to derive a mass
throughput rate for the accretion disc, most of
which, however, implicitly assume that the disc
is stationary.

If somehow the radiation flux from the disc

can be estimated, the mass throughput rate can
be obtained from
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A determination of the disc luminosity is dif-
ficult, since the bulk of the radiation is pro-
bably emitted at unobservable EUV
wavelengths. So even if the disc is really sta-
tionary (which often is rather questionable),
and even if the entire accessible wavelength
range from the IR to the Lyman edge is covered
observationally, some (largely arbitrary)
bolometric correction has to be adopted in
order to determine the luminosity. Correspon-
dingly worse is the situation if either no UV
data are available for the system, or if the disc
is obviously not in a stationary state, as is the
case for quiescent dwarf novae, for instance.

Another way of estimating the mass
throughput rate is to compare the observed con-
tinuous flux distribution in the optical and UV
with theoretical models and then derive values
for M from this. However, as will be discussed
in more detail in Chapter 4.1V, the difficulty
here is that the currently available models for
stationary, and even less for non-stationary,
discs are far too unreliable and far too depen-
dent on details of the assumptions and of the
program codes with which they were con-
structed to inspire any confidence, other than
they might be crude estimates at best.

In some cases attempts have been made to
determine average mass transfer rates from
observed changes in the orbital periods of
cataclysmic variable systems (e.g., Smak, 1971;
Warner and Nather, 1971). These authors
assume conservation of mass and angular
momentum in the system, which, as Patterson
(1984) points out, is inconsistent with evolu-
tionary theories about these systems (Chapters
4.V.C and 4.V.D). Furthermore, since obser-
vations show that period changes do change
their signs occasionally, it is clear that they can-
not be due to mass transfer in the system.

In other cases attempts have been made to
determine the mass transfer rate from the
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luminosity of the hot spot (Krzeminski and
Smak, 1971; Paczynski and Schwarzenberg-
Czerny, 1980). The obvious difficulties with this
approach are that neither the shape nor the
geometrical radiative characteristics of the hot
spot are known, nor is its flux distribution
(from which some kind of sensible bolometric
correction could be derived), nor is the loca-
tion of the hot spot in the disc which determines
the amount of energy that is liberated.

A possibly reliable method to determine the
mass throughput was derived by Horne and co-
workers (Horne and Cook, 1985; Horne and
Stiening, 1985; Wood et al, 1986) using the
eclipse mapping method (Chapter 4.1V.E):
the image of the accretion disc is reconstructed
from photometric observations during the
eclipse of a cataclysmic variable, preferential-
ly in several colors; and from the colors at each
point the temperature distribution and thus the
local (!) values of M can be determined.

IIl. THE ACCRETION DISC

Accretion discs have become very
fashionable in astrophysics for explaining a
wealth of phenomena which cannot be
understood in terms of processes occurring, for
instance, in normal stellar atmospheres. They
have been applied to quasars, to active galac-
tic nuclei, to X-ray and cataclysmic binaries,
to symbiotic stars, to protostars, and to many
more areas. Only in cataclysmic variables,
however, does it seem that most astronomers
are reasonably confident that the brightness
changes observed in dwarf novae and nova-like
stars in the optical and the UV are due directly
to changes in the discs. Thus, the study and
understanding of accretion discs in these
systems can, and hopefully will, bear potential-
ly valuable consequences for many other fields
in astronomy.

It should be noted, however, that the un-
solved or poorly understood theoretical prob-
lems concerning accretion discs are many and
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Figure 4-10. Qualitative model of an accretion disc. Indicated are the flow of mass (dotted lines) and angular
momentum (dashed lines) in the disc; energy is generated by viscous heating which is the reason for the finite
thickness of, and the radiation from, the disc (Katz, 1985).

difficult. A single particle added inside the
Roche lobe of the white dwarf revolves around
the central start in a circular orbit at a distance
which is determined by the equilibrium between
its own angular momentum and the gravita-
tional attraction it experiences. When many
such particles circulate in this way at the same
distance from the star, they also interact with
each other, and the distance-dependent
Keplerian velocity ensures that shear stresses
will develop between neighboring regions,
probably causing many kinds of turbulence,
while magnetic fields might also be present to
further complicate the situation. The net effect
is that mass and angular momentum become
separated, with the bulk of the mass moving
in orbits ever closer to the center of gravity as
this material is deprived of ever more of its
angular momentum, while most of the angular
momentum, tied to very little mass, is
transported outwards in the disc. (At the outer
edge it either leaves the system, or, more like-
ly, through interaction with the secondary star,
is fed back into orbit as angular momentum.)
Thus the mass which originally all circulated at
roughly the same distance spreads out into a
disc, both increasing the outer radius and
decreasing the inner radius. Details of the
strength and nature of the particle interaction
are not known, but commonly they are covered
conveniently under the term “‘viscosity.”” To
understand the nature and the role of the

viscosity is the harder part, since complex pro-
cesses of plasma kinetics, (magneto-)
hydrodynamics, and poorly known radiative in-
teractions, and other system parameters are in-
volved. Notwithstanding, the study of the out-
burst behavior of dwarf novae and the
brightness changes occurring during times be-
tween outbursts, might still provide some useful
constraints on various concepts about, and
models of, accretion discs. At all outburst
stages the viscosity determines the size and
geometrical shape of the disc, its radial and ver-
tical temperature and pressure stratification,
the spectrum emitted, and — since the gravita-
tional potential is the only available energy
source, made available exclusively by the
viscosity — all observable (and unobservable)
temporal changes. The theoretical study of
these quantities shall be the concern of this
section,

The general assumptions in theoretical work
in the area of cataclysmic variables are: the
neglect of relativistic effects and of self-gravity
(i.e., the mass contained in the disc is negligi-
ble compared to the mass of the white dwarf);
a disc which is assumed to be geometrically
thin, lying flat in the orbital plane of the system
and rotationally symmetrical with gravitational
energy as the only energy source, which is con-
verted into radiation energy by viscous pro-
cesses which also cause the separation of
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angular momentum and mass. A certain ver-
tical thickness structure of the disc is due to
thermal pressure originating from the
transformed gravitational energy (Figure 4-10.)

II.A. 2 DIMENSIONAL
HYDRODYNAMICS

RELEVANT OBSERVATIONS: Photometric
observations point to the disc being an essentially flat
object.

ABSTRACT: The approximate position of the hot
spot can be reproduced from computations of par-
ticle trajectories in the restricted three-body approx-
imation. Hydrodynamic computations provide infor-
mation about brightness distributions, surface den-
sity distributions, and velocity fields in the disc.

The incentive to introduce accretion discs for
the explanation of cataclysmic variables came
from observations. The first attempts to justify
this hypothesis by means of computations were
undertaken in the early 1960’s (for a
bibliographic overview see Flannery (1975a)
and Hensler (1982a)), and in the course of the
following decades the theories became ever
more elaborate. Still, many properties of the
disc can be derived from basic physical prin-
ciples without extensive use of computers.

The secondary star can safely be assumed to
co-rotate with the binary orbit (the synchroniza-
tion time is very short, see Chapter 4.V.C), and
matter leaving its surface at the inner
Lagrangian point L, is likely to have a veloci-
ty on the order of the local sound speed (e.g.,
Lin and Pringle, 1976), which is about an order
of magnitude less than the orbital velocity of
the secondary star around the primary. When
material is spilled into the Roche lobe of the
white dwarf, it thus has an angular momentum
with respect to the central star which is high
enough so that it will pass by the star’s surface
on its trajectory in the white dwarf’s gravita-
tional field. The velocity is not high enough,
however, for the particles to leave the field
altogether, so they are deflected into an orbit
around the white dwarf. A ‘‘hot spot’ is
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formed where the orbit and stream of newly in-
falling matter collide. Each single particle, were
it left alone, would settle down into an orbit
around the white dwarf corresponding to the
equilibrium between its centrifugal force keep-
ing it away from the star’s surface and the
gravitational force attracting it. All velocity
components perpendicular to the orbital plane
of the binary system (which may well be pres-
ent as the particle enters the Roche lobe) are
quickly smoothed out by the primary’s gravita-
tional attraction, which increases away from the
plane, and thus the orbit will lie entirely in the
orbital plane (see equation 4.17). Eventually
many particles will orbit around the white
dwarf all at (about) the same distance, making
collisions and other interactions unavoidable.
Thus some viscous mechanism has to be at
work which is then able to separate mass from
angular momentum: most of the material
moves closer to the white dwarf (having less
angular momentum), and comparatively little
mass — ever less as the distance from the white
dwarf increases — carrying most of the angular
momentum is transported outward. The
original torus spreads out (Figure 4-11).

First attempts to verify these considerations
numerically followed the motion of individual
particles in the restricted three-body approx-
imation (e.g., Flannery, 1975a). The predicted
position of the hot spot was in reasonable
agreement with the observations, but more
precise predictions were hardly possible. As
more powerful computers became available,
two-dimensional hydrodynamic computations
were carried out to various degrees of
sophistication (e.g., Novick and Woltjer, 1975;
Lin and Pringle, 1976; Hensler, 1982a; and
references therein). Basically, the motion of
many individual particles is followed through
a geometrical grid which covers the entire
Roche lobe; at consecutive time steps each cell
is checked for the number and dynamical states
of particles in it, some adopted numerical
“viscosity’’ allows for momentum exchange as
particles pass close by to each other, and, as
ever more mass is fed into the initially empty



Figure 4-11. Formation of an accretion disc due to
mass overflow from the secondary star: initially
only a ring is formed, which eventually spreads out
and forms an accretion disc; (d) is a side-view of the
svstem (Petterson, 1983).
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Figure 4-12. Two-dimensional hydrodynamic computations provide information about (a) the column density
and (b) the radiation intensity of the accretion disc (Hensler, 1982a).

Figure 4-13. Temporal evolution of an accretion disc from first formation to a stationary state at constant mass
transfer; displayed are the radius of the disc, the time, and (a) the surface density, (b) the temperature, and (c)
the semi-thickness (Bath and Pringle, 1981).
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Roche lobe, the process is followed until a sta-
tionary state builds up. In this way informa-
tion about the mass density, the velocity field,
and the radiation intensity* are obtained at the
same time. Examples of such computations are
given in Figure 4-12 for the column density and
the radiation field. Similarly, Bath and Pringle
(1981) computed the development of the
temperature and surface density (£ = S ¢ dz)
and the geometrical (semi-)thickness of the disc
(Figure 4-13). Details about these results strong-
ly depend on the assumptions about the viscosi-
ty, but the gross features are represented as ex-
pected from the observations.

It is also possible to obtain some approximate
information on how much of the mass in the
disc is accreted by the white dwarf, and on what
happens to the mass that is carrying outward
angular momentum. In principle, the alter-
native for material in the outermost disc areas
is to either leave the system carrying away all
the angular momentum or, exposed to ever
stronger tidal forces by the secondary stars as
it moves away from the white dwarf, to feed
the angular momentum back into the orbital
motion (Lin and Pringle, 1976; Papaloizou and
Lin, 1979; Hensler, 1982a). The action of tidal
forces on the outer parts of the disc is to try
to slow down the rotation and to thus feed
angular momentum back into the orbit.
Viscosity, on the other hand, tends to
counteract this and to make the material leave
the Roche lobe, or even the system. With
vanishingly little viscosity all angular momen-
tum would be given back to the system, with
no tidal forces acting, and 30% to 50% of the
originally transferred mass would be lost from
the system (Papaloizou and Pringle, 1977).
What really will happen depends on the balance
of the two, and thus also on the mass ratio be-
tween the components, which determines the

*At this level of numerical treatment there was still no ver-
tical component included in the computations, and thus no
information about the vertical structure could be obtained,
but only about the integrated values.
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strength of the tidal forces. Papaloizou and
Pringle guess that the amount of mass lost from
a typical cataclysmic variable system is on the
order of a few percent*.

A hot spot originates where the stream hits
the disc and strong velocity gradients occur.
This feature is clearly present in all two-
dimensional hydrodynamic computations, and
it is considered responsible for the hump struc-
ture present in the light curves of many
cataclysmic variables. More controversial is the
geometrical shape and structure of the hot spot
and its position in the disc. If a hump is seen
at all in a cataclysmic variable light curve, it
normally is visible only for about half of the
orbital period, i.e., when the system is viewed
from behind the hot spot it must be veiled by
some material; at any rate the characteristic
emerging radiation pattern is highly
anisotropic. Furthermore, it is not clear from
observations at what distance from the white
dwarf the hot spot is located. For clarification
of the structure and location of the hot spot,
it is essential to know the vertical structure of
the accretion disc (perpendicular to the rota-
tional plane), and theoretical details about the
hot spot depend very crucially on assumptions
made about this structure or, what is almost
identical, about the viscosity in the disc.

It is quite possible that the incoming stream
penetrates the outer areas of the disc and only
is stopped comparatively close to the white
dwarf, where the density of the disc material
is high enough to stop further penetration.
Thus it follows that the actual shock may oc-
cur well within the disc far below optical depth
one, hidden from direct observations, and that
only gradually will the excess radiation find its
way to the surface (e.g., Bath et al, 1983a, and
Chapter 4.111.C.2).

*Obscrvations also lead to the conclusion that not much
matter can be lost from the system, since no traces of gas
shells have been observed around any system except for
novae, which represent a different situation.



Clearly, in any further investigation of the
disc structure, and in particular of dwarf nova
outburst behavior, it will be necessary to take
into account the third dimension of the prob-
lem, the vertical stratification of the accretion
disc — which will be the issue of the next
section.

The viscosity in the disc usually is assumed
to be due to shear forces between the differen-
tially (Keplerian) rotating particles in the disc,
producing turbulent and/or magnetic interac-
tion. Both are likely to be present in an ionized,
rapidly rotating medium — but although this
viscosity determines practically everything hap-
pening in the disc, no clear concept about its
physical nature exists so far.

A kind of ‘‘effective viscosity’’ — the only
physical function of which is to allow matter
to be accreted by the white dwarf — has been
suggested by Sawada et al (1986a; 1986b; 1987),
whose hydrodynamic computations show that,
under the action of tidal forces, shock waves
are formed in the outer areas of an inviscid disc
and then travel inwards toward the white
dwarf. The gas in the disc loses enough angular
momentum in these shocks for accretion to take
place without any viscosity due to particle in-
teractions being at work in the disc. Since these
ideas are currently quite new, this alternative
has not yet been pursued more deeply, so it will
not be considered any further in what follows.
All other computations of dwarf nova outburst
behavior, etc., are based on the assumption of
a turbulent viscosity.

IHI.B THE THIRD DIMENSION

RELEVANT OBSERVATIONS: Common sense
says that the disc must be extended to some degree
in the vertical direction.

ABSTRACT: Some idea can be obtained about the
vertical structure of an accretion disc, assuming
hydrostatic equilibrium in the vertical direction and
employing the basic equations for stellar atmospheres
and interiors. The least understood and at the same
time the most important, parameter in the computa-
tions is the viscosity.

The hydrodynamic computations of accre-
tion discs described above can provide averaged
information about the vertical structure, which
is the assumption underlying the computations.
In order to obtain a clearer picture about disc
properties, it is essential to consider the vertical
stratifications. Certain properties of flux den-
sities and surface densities are known from two-
dimensional considerations. If prescriptions for
the vertical pressure and density stratifications
and some viscosity (energy source) are assumed,
the normal equations for the computation of
stellar atmospheres and interiors provide a ver-
tical structure for each point in the disc when,
as a good approximation, a locally plane-
parallel approximation is assumed, and the
gravitational acceleration is the vertical com-
ponent of the force exerted by the white dwarf
(equation 4.17). The weakest point in this pro-
cedure is again the poorly understood viscosi-
ty, which is generally assumed to be due to tur-
bulence or small-scale magnetic fields. At pre-
sent almost any assumption on the viscosity’s
temperature and pressure dependence, from a
simple relation with, say, the pressure (’a-
disc’’) to a very intricate dependence, is equally
conceivable and justifiable.

Meyer and Meyer-Hofmeister (1982) carried
out detailed computations of this sort. They
assumed hydrostatic equilibrium in the vertical
direction and the diffusion approximation to
obtain the vertical temperature dependence;
energy transport in the vertical direction was
allowed to occur by means of radiation and
convection, whichever was required. In the first
models, they adopted a constant o throughout
the disc, which was assumed to be proportional
to the local pressure (a-disc); alternatively,
allowance is made for ‘‘magnetic viscosity.”

For different values of the mass transfer rate
they construct model discs with a constant value
of My, = 1 M_. The geometrical shape of
the disc surface (r = 1) is displayed in Figure
4-14. At some radius at the outside of the disc
these models become convective, which leads
to a flattening of the disc surface; at smaller
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Figure 4-14. Thickness of an accretion disc at the height of the photosphere for various accretion rates as a function
of the distance from the central object. The solid and dashed line give results for different viscosities; the crossed
line represents computations for the same viscosity as the dotted line, but for a higher central mass (Meyer and

Meyer-Hofmeister, 1982).
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Figure 4-15. Vertical structure of one of the discs in Figure 4-14 i.e., for M=10"°M o /yrs solid line, (a) at
a distance log r = 10.5 cm, in the outer convective region, (b) at a distance log r = 9.5 cm in the inner radiative
region. The course of the temperature, density, radiation flux, and, only in (b), the sound speed and the convec-
tive velocity are given as a function of the vertical height in the disc (Meyer and Meyer-Hofmeister, 1982).

radii the disc becomes exponentially thicker
with increasing distance from the white dwarf.
Figure 4-15 shows the vertical structures for one
point in the radiative regime and for one point
in the convective regime, respectively.

It turns out from these computations that
neither the exact value of the viscosity (keep-
ing the general prescription of the dependence
on only the local pressure) nor the mass of the
white dwarf have a significant influence on the
results (Figure 4-14). The viscosity law however,
(in another paper: Meyer and Meyer-
Hofmeister, 1983b) turns out to be of decisive
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influence. In Figure 4-16 the surface density vs.
the effective temperature (the so-called S-curve)
is displayed for essentially identical models (ap-
proximately the same as in Figures 4-14 and
4-15), but computed with either constant alpha
or with alpha dependent on the ratio of the
pressure scale height to the radial distance from
the star, demonstrating that the choice of
viscosity is a very important factor in the com-
putations. A similar investigation was carried
out by Pojmanski (1986), who demonstrates
that the chemical abundance and the opacities
used have no dramatic influence on the shape
of the S-curve — and thus the vertical struc-
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Figure 4-16. Viscosity — surface density relations (S-curves) at different distances from the central object, where
maodels are very similar to those in Figures 4-14 and 4-15. (a):

the disc; (b):

the viscosity parameter alpha is constant throughout

alpha is assumed to be variable as a function of the ratio between the pressure scale height and

the distance from the central star (Meyer and Meyer-Hofmeister, 1983b).

ture of the accretion disc — while the choice
of the mixing length does.

Observations have led to a general concept
of dwarf nova outbursts in which, during the
quiescence state, matter is stored in the outer
areas of the disc and then released by some
mechanism towards the white dwarf during
outburst; the sudden liberation of gravitational
energy leads to the observed brightening. For
a long time no suitable physical mechanism for
this behavior could be identified. Then Meyer
and Meyer-Hofmeister (1981) pointed out that
the double-valued function of the surface den-
sity in the log T, — L diagram (the S-curve
in Figure 4-16) might be a promising can-
didate: due to the interplay of viscous heating
and radiative or convective cooling the viscosity
might jump from being low during quiescence
to being high during outburst, regulated
through the surface density. This so-called
limit-cycle instability is the subject of the next
section.

One way to obtain more constraints on possi-
ble values and dependencies of « is to compare
the predictions of theoretical models with
observations. The observations to which the
value of « is most sensitive are the outburst light
curves of dwarf novae, in particular their time-
scales, including the duration of the quiescent
state and the outburst, respectively, and
brightness changes during rise, decline, and
quiescence.

II1.C. MODELING THE OUTBURSTS
BEHAVIOR

RELEVANT OBSERVATIONS: Dwarf novae in-
crease in brightness by two to five magnitudes, in
semi-regular intervals of time. Characteristic color
changes occur; the rise at optical wavelengths in some
objects precedes the rise in the UV by several hours,
while in other objects both rise simultaneously. The
much slower decline occurs simultaneously in all
wavelengths.

see chapter: 21
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Two possible outburst mechanisms have been
suggested: viscous instability, or disc instabili-
ty, in the accretion disc itself (Bath et al, 1974b;
Osaki, 1974), and a suddenly enhanced mass
transfer onto the disc from the companion star,
called transfer instability (Bath, 1973; Bath et

al, 1974b). Both are discussed in this order in
the following sections.

III.C.1. THE DISC INSTABILITY MODEL

ABSTRACT: The general, and to some degree even
the detailed outburst light curves can be reproduced,
with the assumption that the viscosity follows a
hysteresis curve as the disc material changes between
the convective and the radiative state.

Bath et al, (1974b) and Osaki (1974) sug-
gested that dwarf nova outbursts might be due
to ‘‘intermittent accretion,’’ in which times of
comparatively low accretion onto the white
dwarf, during which matter infalling from the
secondary star is stored in the outer disc, alter-
nate with times of enhanced accretion, trig-
gered by some instability in the disc itself.
Following this, Bath and Pringle (1982) then
suggested that it might be the viscosity which,
under certain physical conditions, might have
two stable equilibrium values between which
the state of the disc can alternate if conditions
are right. Because the viscosity v is responsible
for the efficiency of material transport through
the disc, this implies that the major changes
really are of the surface density (Figure 4-17).

" For a disc to be stable, the condition dv/dX >
O must be met (Lightman and Eardley, 1974);
if a condition like the one in Figure 4-17 exists,
there is a range of viscosity values for which
no corresponding stable value of the surface
density exists; the consequence is a limit-cycle
behavior. Suppose the hypothetical equilibrium
value of the viscosity (which would lead to a
steady state) were vy An originally low surface
density increases up to a value & (in Figure
4-17). A further increase in I implies a jump
in viscosity; since the viscosity »  (this is the
condition for the limit-cycle to occur) is higher
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than » , more material is transported out of
this particular region in the disc than is fed in,
and thus the surface density decreases until it
reaches a value L,.Nowa further decrease im-
plies another jump in viscosity, this time,
however, to a value Yy lower than the
equilibrium value v;. As a consequence the
surface density increases again and the cycle
continues, always trying to establish, unsuc-
cessfully, an equilibrium state. Since in accre-
tion discs a higher throughput of mass through
a particular area implies a higher temperature,
the semi-regular brightness changes in dwarf
novae can be understood if somehow this limit-
cycle activity would involve the entire disc, or
at least a considerable portion of it. If, on the
other hand, the mass input into the disc always
is high enough to ensure a surface density for
which there exists an accessible value of the
viscosity to maintain an equilibrium between
mass input and mass output, no ‘‘outbursts’’
would have to occur. This case is assumed to
apply to UX Ursae Majoris stars and possibly
to quiescent novae, while Z Camelopardalis
stars and anti-dwarf novae are believed to be
boundary cases in which the mass input is most-
ly just below or just above, respectively, the
lower limit for equilibrium, and slight changes
in the mass transfer rate from the secondary
star have a dramatic effect, by either leading
to temporary attainment of an equilibrium or
by temporarily pushing the disc out of it.

Meyer and Meyer-Hofmeister (1981) point
out that the change in surface density due to
ionization of hydrogen (Figure 4-16), i.e., due
to the change from a convective to a radiative
state of the disc, is a likely candidate for pro-
viding the physical background for the limit-
cycle activity. Thanks to the opposite
temperature dependence of the hydrogen ab-
sorption coefficient for neutral and (partly)
ionized hydrogen of

x, =107 o ¥ T (4.16a)
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(Faulkner et al, 1983) either heating or cooling
prevails in the area.

More recently, several groups have carried
out computations of the behavior of accretion
discs under the assumption that hydrogen
ionization is the driving mechanism for the disc
instability, and thus for dwarf nova outburst
behavior (e.g., Cannizzo et al, 1982; Faulkner
et al, 1983; Meyer and Meyer-Hofmeister,
1983b; Mineshige and Osaki, 1983; Papaloizou
et al, 1983; Meyer, 1984; Meyer and Meyer-
Hofmeister, 1984; Cannizzo et al, 1985;
Lin et al, 1985; Mineshige and Osaki, 1985;
Cannizzo et al, 1986; Mineshige, 1986;
1988; Meyer-Hofmeister, 1987; Meyer-
Hofmeister and Meyer, 1987). Mostly these dif-
fer in their assumptions about the viscosity —
whether it is assumed to be single-valued all
over the disc, whether there are two different
but constant values for the radiative and the
convective state, respectively, or whether the
viscosity is radially or vertically variable in
some way — and whether, and how, radial in-
teractions between adjacent parts of the disc are
taken into account in the computations. The
reader is referred to the original articles for
details. It should be stressed, however, that all
of these efforts succeeded to some degree in
reproducing the general features of the outburst
light curves of dwarf novae, in some cases in
remarkable detail. Some of these results are
presented in what follows.

In general the disc is found to be optically
thin in its convective (cool) part, which for
““typical”’ dwarf novae comprises most of the

disc. Depending on adopted numerical methods
and assumed particular values of the viscosity,
the temperature of the outer disc is found to
be between 5000 and 6000K (e.g., Papaloizou
et al, 1983) or between 2000 and 3000 K (e.g.,
Cannizzo et al, 1986) over large areas. During
the quiescent state the outer disc slowly
becomes optically thick, and the temperature
rises until an outburst occurs (Figure 4-18).

A very detailed discussion of the physics of
dwarf nova outburst cycles based on the disc
instability is given in Papaloizou et al (1983).
It is found that, depending on details of the
physical conditions, the outburst can start in
different regions of the disc. A change to the
ionized state can start from the innermost disc
(called “‘type 1>’ by Papaloizou et al, and “‘type
B’ by Smak (1984)) if during quiescence all the
disc is optically thin and cool, and if the viscosi-
ty is large enough for the inner regions to
become optically thick first. In this case, the
increased temperature heats up neighboring
areas to produce a wave of ionization which
travels outwards through the disc until the
whole disc is in ‘“‘outburst.”” If on the other
hand « is very small, the material piles up in
outer disc areas and cannot be transported in-
wards efficiently, in which case the outburs.
starts at intermediate regions, causing two
ionizing waves, one traveling outwards (like in
the example above) and the other inwards (this
is called a ““type 2"’ outburst by Papaloizou et
al, and “‘type A”’ by Smak). A third type of
outburst originates if a sizable fraction of the
central disc is permanently fully ionized and
transitions are constrained to occur in the outer
part only; the outburst is then triggered at the
interface between the temporarily cool and the
permanently hot region with the transition wave
traveling outwards from there on (‘“‘type 3’).

Corresponding to these three possibilities for
initiating an outburst, there are also three ways
of stopping it. In “type 1,”” all of the disc is
depleted during the outburst since the mass
throughput is higher than the mass input, the
outer areas will be depleted first, the
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VISCOSITY

SURFACE BRIGHTNESS

Figure 4-17. Conditions for occurrence of a limit-
cycle activity: for the viscosity (v, L) which would
lead to a steady state, there exists no corresponding
accessible value of the surface density; conditions in
the disc will oscillate abour the equilibrium value
between (v,, L) and (v,, L,) which leads 1o the
observed outburst activity (Bath and Pringle, 1982).

temperature falls below the critical
temperature, and the material becomes neutral
again. Ongoing depletion in more central areas
as well as contact with neighboring cool areas
causes a ‘“‘downward transition’’ front to travel
inwards. If, on the other hand, initially during
the rise phase, not all of the outer disc was ful-
ly ionized, this cooling front originates at the
outer interface between hot and cool areas and
travels inward from there (‘‘type 2°’). Finally,
a ‘‘type 3’ decay is one during which the cool-
ing wave can travel through only part of the
disc, until it meets areas which stay fully ionized
during quiescence, because the mass input rate
and the viscosity are high enough.

Lin et al, (1985) constructed series of out-
burst light curves and investigated the influence
of various parameters on the appearance of the
light curves. They found that the amount of
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Figure 4-18. Development of the luminosity of the
accretion disc and the optical thickness of the disc
during the outburst cycle: at the end of an outburst
the disc is depleted; in the outer areas it is refilled
by material coming from the secondary star and ever
larger parts become optically thick, until at some
point in the disc conditions for a jump in viscosity
are given, which triggers the next outburst (see also
Figure 4-23) (Meyer-Hofmeister and Meyer, 1987).

energy which is deposited in the disc at the hot
spot, rather than being dissipated into radia-
tion, influences the brightness level during
quiescence by changing the general temperature
distribution in the disc, but that it has practical-
ly no effect on the outburst light curve.
Likewise the precise radial location and extent
of the region into which matter is fed by the
incoming stream (supposing the stream does
penetrate the disc for some distance before it
is stopped and forced to deposit its mass and
energy) has no appreciable effect, unless a part
of the disc happens to be very close to the tran-
sition to the fully ionized state during
quiescence (Figure 4-19a). It is obvious that the
outburst light curve is determined to a large ex-
tent by the condition in which the disc was left
after the previous outburst, so that outbursts
of considerably different shape may follow
each other, and only sequences of two or more
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Figure 4-19. Synthetic dwarf nova outburst light curves on the basis of the disc instability model. (a) a-b:  Various
amounts of energy are inferred into the disc by the hot spot; c-e:  effect of location and physical characteristics
of the mass stream, f-h: varying the mass input rate from 2.8 100 to 100. (b): Effect of varying the viscosity.
(c).(d): Effect of varying the mass input rate (in M j/yr): a: M = 9107 b: 1.8107";¢c: 3.610°";
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(d): Effect of increasing the mass input during decline from outburst (Lin et al, 1985).
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Figure 4-20. If the outburst starts in the outer disc,
the rise is fast and it starts later at shorter
wavelengths than at longer; if the outburst starts in
the inner disc the rise is slow and simultaneous at
all wavelengths (Smak, 1984).

repeat. The shape of the outburst light curve
depends very critically on both the adopted
value of the viscosity and the mass input rate.
In Figure 4-19b, the effect of increasing (each
time-constant) viscosity is demonstrated. Very
low values of the viscosity result in occasional
large, long-lasting outbursts which affect all the
disc, followed by a long quiescent time during
which the disc has to be refilled; the next large
outburst is preceded by a sequence of short low-
amplitude bursts, between which the disc does
not return entirely to its quiescent brightness
level but during which the central area of the
disc remains fully ionized. At increased values
of the viscosity parameter « the long outbursts
become shorter, the short ones become longer
and more evenly distributed between the long
ones, and the central disc area remains ionized
all the time. If the viscosity becomes even larger
all proper outburst behavior disappears, first
leaving small amplitude brightness oscillations
of the outer disc areas, until, at a further in-
crease in viscosity, they disappear altogether.

The effect of increasing the mass input rate,
out keeping it constant in each single case, is
illustrated in Figure 4-19¢c. The characteristics
of the light curve remain essentially unchanged,
for larger ranges of the mass transfer rate while
only the amplitude and duration increase, and
the frequency decreases, with increasing mass
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Figure 4-21. Observed and computed color changes
during the outburst cycle in the disc instability model
(Smak, 1984).

transfer rate. Then suddenly the whole
character changes at a certain critical value, as
more areas of the disc become only marginally
unstable or, finally, remain fully ionized all the
time. It is to be emphasized that the appearance
of the light curve can change from being very
simple and regular to having the most com-
plicated appearance, simply by varying the rate
of mass input. Eventually, if all the disc
becomes permanently ionized, all activity
ceases.

Lin et al, suggest that the basic difference
between old novae and dwarf novae may be a
different mass transfer rate, a view which is
supported by observationally deduced mass
transfer rates and absolute magnitudes — see
Chapter 4.11.C.3. In their picture, the mass
transfer rate in novae is high enough to per-
manently prevent outburst activity and thus
gives the system a larger intrinsic brightness
than dwarf novae have. Some other old novae
like GK Per might then be border cases, being
at just the lower end of stability, so that they
can undergo small-scale outburst activity at
slight variations of the mass transfer rate.
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Figure 4-22. Use of molecular opacities mainly
changes the appearance of the S-curve in the cool
areas of the accretion disc (compare with Figure 4-17)
(Meyer-Hofmeister and Meyer, 1987).
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Figure 4-24. The observed vague relation (solid line}
between the outburst period and amplitude can be
reproduced with the disc instability model; open
circles denote models which take into account only
radiation from the accretion disc, filled circles take
into account contributions from the hot spot as well
(Smak, 1984).

Similarly, nova-like variables can be assumed
to lie just above the critical mass transfer rate
for outburst activity to occur.

DECLINE RATE (DAYS/ MAG.)
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Figure 4-23. Development of the temperature in the
outer disc before outburst, corresponding to Figure
4-18. The temperature in the disc rises continuously
in ever larger areas of the disc until conditions for
an outburst are met at some distance from the white
dwarf (Meyer-Hofmeister and Meyer, 1987).
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Figure 4-25. The observed relation between the or-
bital period and the rate of decline from an outburst
can be reproduced with the disc instability model;
the left panel shows the observed relation, while the
right panel gives the results from models (Smak,
1984).

If certain values of the viscosity parameter
« or of the mass transfer rate alone can bring
about very complicated patterns of the light
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curve, it is clear that changes of the mass
transfer rate at some stage during the outburst
cycle can also produce patterns of any degree
of intricacy (Figure 4-19¢). Temporary stand-
stills entered from either a high or a low
brightness state, as observed in Z Camelopar-
dalis variables, can also easily be produced.

In all the above examples, o was kept cons-
tant throughout the activity cycle. In fact the
calculated light curves only resemble the ob-
served light curves in their general appearance.
The observed feature of a much steeper rise
than decline cannot be fitted in this way, Most
other authors assumed a small value of « during
quiescence and a much larger one during out-
burst (ionization). Under this assumption it is
possible to fit either a fast or a slow rise (as
compared to decline), if the outburst starts
either at the outer (type A or 2) or at the inner
(type B or 1) disc (Figure 4-20). Even the
observed delayed rise at shorter wavelengths in
the case of fast rises and the simultaneous rise
at slow rises are reproduced with the correct
time scales (see also Cannizzo et al, 1986).
Similarly, optical color curves derived for the
outburst behavior clearly do resemble the
observations (Figure 4-21).

From the above results it appears that the
observations probably best suited for
distinguishing between different « prescriptions
is the early rise phase. Meyer-Hofmeister (1987)
and Mineshige (1988) carried out investigations
of this phase, particularly with respect to the
influence of molecular opacities on the surface
density. Meyer-Hofmeister (1987) found that
the characteristic curve at very low
temperatures might indeed be more com-
plicated than assumed so far (Figure 4-22) in
exhibiting an additional halt in the limit-cycle
T - ¥ curve. The effect is that shortly before
the actual rise to outburst the transition to the
intermediate point occurs, resulting in a slow
brightness increase during which a con-
siderable area of the disc will be heated up to
some 6000 - 7000 K. Only after this (Meyer-
Hofmeister’s results show a steady rise for some
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5 to 10 days, Mineshige’s results show a halt
for about 1 day) does the actual rise occur
(Figure 4-23, see also Figure 4-18) — in the case
of the outburst starting from the outer disc.

Smak (1984) compared two observed rela-
tions concerning dwarf nova outburst behavior
with his models: a vague relation between out-
burst period and amplitude (Figure 4-24), and
the relation between the orbital period and the
rate of decline from an outburst (Figure 4-25
— see Chapter 2.11.A.3. Both theoretical rela-
tions are in reasonably satisfactory agreement
with the observations.

Similar disc-instability computations have
been carried out for the hydrogen-deficient AM
Canum Venaticorum variables as for ‘‘normal”
hydrogen rich cataclysmic variables (Cannizzo,
1984; Smak, 1984). They find that dwarf nova-
like outburst behavior due to He-ionization in-
stability is quite possible in these objects as well.
The disc temperature during gquiescence is
found to be of the order of 10000 K, and the
disc is marginally optically thin. At outburst,
Cannizzo (1984) found temperatures between
20000 and 50000 K in the disc. The system
brightness rises by about 2 - 3 mag with an out-
burst period between 16 hours and some 10
days (in his computations), a value which is
very critically dependent on the assumed mass
transfer rate.

II1.C.2. THE TRANSFER INSTABILITY
MODEL

ABSTRACT. This alternative model assumes that
instabilities in the atmosphere of the secondary star
lead to temporarily increased mass transfer into the
disc, which then causes the outburst. Modeling the
observed brightness changes also yields satisfactory
results.

In the above section, the cause of a dwarf
nova outburst was assumed to be variable con-
ditions in the disc itself, while the mass transfer
rate was usually assumed to be constant with
time. At any rate it influenced the outburst



behavior only rather indirectly. Alternatively,
it has been suggested (Bath, 1973; Bath et al,
1974b) that the outburst might be due to an in-
stability in the Roche lobe-filling companion
star which leads to a temporarily increased mass
transfer into the disc. This latter possibility has
been pursued by Bath and co-workers (Bath,
1975; Papaloizou and Bath, 1975; Bath, 1976;
1977;Bath and Pringle, 1981; Bath et al, 1983b;
Mantle and Bath, 1983; Bath, 1984; Bath et al,
1986).

The basis of this theory is the realization that
the dynamic equilibrium of a star which is con-
fined to a Roche lobe is quite different from
that of a single isolated star, once the star’s sur-
face comes close to the confinement of the
critical Roche surface (Bath, 1975; Papaloizou
and Bath, 1975). The important difference is
that the energy required for material to escape
the surface of a single star must be sufficient
for the material to reach infinity, while in the
case of a Roche lobe it is sufficient to lift it on-
ly above the critical Roche surface, which re-
quires a lot less energy. Papaloizou and Bath
point out that there are two possible destabiliz-
ing effects in the confined atmospheres of a
cool star: convection in the envelopes, and
ionization zones in the vicinity of L, at which
point the net gravitational acceleration is zero.

The general idea of the transfer instability is
that once the atmosphere of the secondary star
becomes unstable in the vicinity of the
Lagrangian point L, enhanced mass overflow
into (mainly) the Roche lobe of the white dwarf
occurs, leading to an outburst and at the same
time depleting the atmosphere. It stops when
the energy provided by the instability is no
longer sufficient to lift further material into the
neighboring Roche lobe (Bath, 1976). Since this
process has brought the star out of thermal
equilibrium, the star contracts and detaches
from the Roche surface, while during its
‘‘quiescent’’ state mass overflow is maintained
only on a low level through normal stellar wind.
Eventually, with the support of energy supplied

from deeper stellar layers, thermal equilibrium
is gained again, and the star expands and is
ready for the next instability to occur.

Computed outburst periods (i.e., relaxation
times of the destabilized atmospheres) are in the
range of 10 to 200 days, mass transfer rates dur-
ing outburst maximum are on the order of
10" to 10" g/sec and amplitudes are of
several magnitudes — all in accordance with
observed values.

Since a lot of material with low angular
momentum is transferred into the disc, during
the initial phases of an outburst the disc radius
is expected to shrink as this new material mixes
with material that is already contained in the
disc, and only later does it expand again as
angular momentum from the inner disc is trans-
ferred outward (e.g., Bath and Pringle, 1981).
This prediction is quite in contrast to what the
disc instability model predicts, namely, an in-
crease in the disc’s radius from the very begin-
ning of an outburst if the outburst starts at the
outer disc, or no change at all if it starts at the
inner disc. Thus, in principle, it should be pos-
sible to decide between the two models from
investigation of the outer disc radius, but since
the outermost disc may be optically thin, deter-
minations of the disk radii are not reliable.

Equally, an increase in the intensity of the
orbital hump would be expected from enhanced
mass transfer, while no effect should occur in
the case of the disc instability. Here again the
problem arises that neither the shape and posi-
tion nor the geometrical radiation pattern of the
hot spot are known. It is possible that the
enhanced mass flux disappears entirely in the
disc at the beginning of an outburst, while the
excess radiation only eventually diffuses out-
ward; and if the radiation pattern which
originates then is rather isotropic, no enhanced
hump would be seen at all — or, if this radia-
tion is anisotropic, the enhanced hump may
become visible with considerable delay (Bath
et al, 1983b).
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Figure 4-26. Temporal evolution of the accretion disc in response to a mass pulse: (a): evolution of the surface density;
(b): evolution of the central disc temperature (at z = 0); (c): corresponding synthetic light curve (Bath and Pringle, 1981 ).
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The general course of an outburst induced
by a transfer instability is shown in Figure
4-26: The mass pulse leads to a brief contrac-
tion of the radius, then the disc spreads out
while its temperature increases, and the disc
slowly relaxes to its equilibrium state; the cor-
responding outburst light curve is shown in
Figure 4-26c.

A systematic investigation of theoretical out-
burst light curves has been carried out by Bath
et al (1986). In their computations the mass
burst profile is a free parameter, since
knowledge of the atmospheres of the cool com-
panions is not sufficiently detailed to make
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Figure 4-27. The typical shapes of dwarf nova out-
burst profiles (solid lines) can roughly be reproduced
with the transfer instability model; different profiles
can be obtained when the strength and duration of
the mass pulse are changed. Dotted lines represent
the accretion rates on the white dwarf. Occurrence
of disc instabilities is numerically prevented (Bath
et al, 1986).

meaningful predictions. By appropriate choices
of the pulse profiles they are able to reproduce
gross features of the outburst light curves
(Figure 4-27). In general they find that the rise
is fast, following essentially the rise time of the
mass flux, if the time-scale for the rise in mass
transfer is shorter than the viscous time scale
of the disc, while the whole behavior follows
only the mass flux variation if the variations
are slower than the viscous time scale of the
disc. In particular, very long-lasting outbursts
can be produced if the mass transfer goes on
for a long time. For all these computations a
viscosity parameter of = 2 was assumed and
numerically any ionization instability was
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Figure 4-28. When disc instabilities are allowed for,
they lead to a flickering-like activity during
quiescence but not during outburst (Bath et al, 1986).
When compared with Figure 4-19, this might be due
to the large alpha used in these models.

prevented from occurring, so the effects of the
transfer instability alone would be visible.

Suppression of the disc instability was aban-
doned in a further step of the investigation
(Bath, 1986). Given the high value of alpha and
the mass transfer rate of 10'® g/sec (=1.6
1071 M_/yr), not surprisingly*, during
quiescence, minor instability fluctuations were
found to occur, which tentatively were inter-
preted as the origin of the flickering, while
during outburst all this activity was totally
damped out (Figure 4-28).

In the case of the transfer instability model,
the explanation for the vague relation between
outburst amplitude and time for the next out-
burst to occur (Kukarkin-Parenago relation,
Chapter 2.11.A.3) finds a natural explanation,
since the more depleted the secondary’s at-
mosphere is during the outburst, the more time
it is likely to take to recover. As in the case of

* . . -
This is in view of results described in the previous section

where such a high value of the viscosity reduced all out-

burst activity to mere small-scale brightness fluctuations
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Figure 4-29. As in the case of the disc instability
model, the observed relation between decay time and
orbital period can be reproduced with the transfer
instability model (Mantle and Bath, 1983).

the disc instability model, the observed relation
between outburst decay time and orbital period
(Bailey relation, Chapter 2.11.A.3) is repro-
duced in a fairly satisfactory way (Figure 4-29),
due to the longer relaxation time of larger ac-
cretion discs in longer-period systems.

II1.C.3. CONCLUSIONS FROM
OBSERVATIONS

ABSTRACT: From comparison with observations
no clear distinction between the two proposed out-
burst models is possible so far.

Since the disc instability model and the
transfer instability model do not produce the
same light curves, it should be possible to
distinguish between them by comparing
theoretical results with observations. Pringle et
al (1986), Verbunt (1986), and Cannizzo and
Kenyon (1987) tried to do this in a systematic
way. In particular, Pringle et al compare
observed optical and UV flux changes which
occurred during rise to an outburst in VW Hyi
and CN Ori with predictions by various models
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(Figure 4-30). In VW Hyi, a delay of the rise
in UV with respect to the optical of about half
a day is observed, while in CN Ori the rise pro-
ceeds simultaneously in all wavelengths. The
decline in both systems is simultaneous in the
optical and in the UV.

Adopting parameters suited for these two
systems, Pringle et al find that the rise phase
of VW Hyi cannot be modeled satisfactorily
with a disc instability, whether it is starting
from the inner or from the outer disc. In light
of results presented in Chapter II1.C.1, it would
be expected that an instability in the outer disc
would produce such a delay, but in their com-
putations the temperature in the outer areas
rises far too quickly to produce a delay of the
order required. In the case of CN Ori, an insta-
bility in the inner disc can produce reasonably
acceptable agreement with the observations.
For both systems, the observed flux develop-
ment can be reproduced by suitable choice of
the mass flux profile which, given the uncer-
tainties in that theory, is no surprise. In any
case the decline depends only on the relaxation
of the disc, so it is fitted about equally well by
all three models, though the decline proceeds
somewhat too fast in the transfer instability
computations.

Cannizzo and Kenyon, on a more general
basis, arrive at similar conclusions. All authors
note, however, that these results do not imply
a failure of the disc instability model, given the
large uncertainties in the prescription of the
viscosity and its dependence on other physical
parameters. The only reliable conclusion one
can arrive at, then, as Pringle et al point out,
is that the dependence of « on local physical
conditions certainly is neither simple nor
universal if the disc instability is the mechanism
for driving dwarf nova outbursts.

Since the decline process is more or less the
same for all possible types of outburst, the rise
phase to the outburst, if anything, should pro-
vide distinctive evidence for one model or the
other.
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The outer disc radius is predicted to shrink
slightly at the very beginning of an outburst in
the case of a transfer instability, while in the
case of a disc instability it either increases (if
the outburst starts in the outer disc) or remains
unchanged (if it starts in the inner disc). In all
cases it is expected to increase around the phase
of outburst maximum and slowly shrinks as
decline proceeds, so excess angular momentum
can be carried away efficiently. It is ques-
tionable whether this predicted shrinking is
observable. It may not occur at all if the stream
material penetrates deeply into the disc, or it
may occur only for a very short time and not
be very pronounced, so it clearly could escape
the observations. If shrinking could be observed
without any doubt in a system, it would exclude
the disc instability as the cause of the outburst,
at least for this particular (hypothetical) system.

An indication in favor of the disc instability
would probably be the observation of the
predicted halt in brightness at about 6000 K for
up to half a day at a level slightly above the
quiescent brightness level before the real rise to
the outburst occurs, as predicted by Meyer-
Hofmeister (1987) and Mineshige (1988).

As discussed above, the behavior of the or-
bital hump cannot currently provide the basis
for distinguishing between models, since it is
not known how deeply the mass stream
penetrates into the disc and how isotropic or
anisotropic the characteristics of the outgoing
radiation are. In particular, the hump size is not
a useful discriminant, since it is quite possible
that, as soon as the outburst starts, triggered
by a disc instability, the secondary star is heated
by irradiation and itself reacts with increased
mass transfer, leading to a delayed increased
hump (as is also expected from the deeply
penetrating original mass transfer pulse). Con-
versely, it also is perceivable that a transfer in-
stability triggers a disc instability, so again both
effects become interwoven. The fact that in
some objects all kinds of different shapes of
outburst light curves are observed certainly in-
dicates that the underlying physics is not trivial
or straightforward.
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Figure 4-30. Comparison between observed and various computed spectral changes during rise to an outburst
(see text for discussion) (Verbunt, 1986).
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Figure 4-31. Schematic model for a precessing elliptic disc. This model for a superoutburst com-
bines characteristics of both the disc instability and the transfer instability model; a precessing
eccentric disc can explain the photometric phenomena observed during superoutburst (Osaki, 1985).

II1.C.4. SUPEROUTBURST MODELS

RELEVANT OBSERVATIONS: In some short-
period dwarf novae, besides the normal outbursts,
so-called superoutbursts are observed which are
about one magnitude brighter and last considerably
longer than normal outbursts. A number of char-
acteristic phenomena are observed only during
superoutbursts.

see 28

ABSTRACT: No single generally accepted model
exists so far. The most promising of the current
models combines features of the disc instability and
the transfer instability which lead to a temporary
deformation of the accretion disc.

Since the detection of superhumps occurring
during superoutbursts in certain dwarf novae,
the SU Ursae Majoris stars (Vogt, 1974;
Warner, 1975), almost a dozen models have
been developed to explain this phenomenon and
other related phenomena, ranging from strong-
ly magnetic rotating white dwarfs (Papaloizou
and Pringle, 1979; Patterson, 1979b; Vogt, 1979)
to flux tubes emerging from the surface of the
secondary star and then connecting with the
disc (Meyer, 1979), spots on the surface of the

cool star (Vogt, 1977; Haefner et al, 1979), ec-.

centric discs surrounding an inner concentric
disc (Vogt, 1982b), outer eccentric discs
(Gilliland and Kemper, 1980) and the response
of a moderately strong magnetic white dwarf
to a variable mass transfer rate (Warner, 1985).
Vogt (1982b) and Warner (1985) present and
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discuss most of these models and show why
almost all of them are unable to account for
all, or even the most important, of the observed
phenomena. There is no need to repeat this
here. We will concentrate on only those few
models which have survived to date.

Currently there are only two such models
which seem plausible. The first was proposed
by Papaloizou and Pringle (1979). They sug-
gest that the orbits of SU Ursae Majoris stars
are slightly eccentric (¢ = 107 %. Due to
the then variable distance between the two stars,
the size of the secondary’s Roche lobe is also
slightly variable, which leads to a variable mass
transfer rate with the precession period of the
line of absides. If dwarf nova outbursts are
caused by a disc instability, the mass transfer
rate normally should not be influenced by this,
so no major effects are expected on the hump
amplitude either. Only if an outburst induces
an increase in the mass transfer rate as well
(e.g., due to a periodic instability of the secon-
dary’s atmosphere), do the mass transfer rate,
and thus the hump amplitude, strongly vary
with the precession period. Papaloizou and
Pringle show that such an eccentricity is ex-
pected to be driven and maintained by tidal
forces, particularly in systems with a large mass
ratio (which is the case for all SU Ursae Ma-
joris stars). The difficulties with this model are
that neither the variable y-velocity nor the late
superhump find a satisfactory explanation.



A somewhat related model has since been
suggested by Osaki (1985). He assumes a cir-
cular orbit and an accretion disc which
undergoes outbursts due to a disc instability.
The secondary star normally transfers material
at a relatively low rate into the Roche lobe of
the white dwarf. If the secondary is very cool
(as is the case in the ultra-short period systems
with periods less than 2 hours, since the Roche
lobe is too small to accommodate a larger star),
the star’s atmosphere reaches a certain degree
of instability semi-periodically. When a normal
outburst occurs at about the same time this in-
stability is reached, then during the outburst the
hot disc and boundary layer bring the cool at-
mosphere out of equilibrium by irradiation,
and for some time mass transfer proceeds at an
enhanced rate. The first sudden pulse of mass
causes a non-axisymmetric perturbation of the
disc which deforms it into an eccentric shape
(Figure 4-31). For some time, the stream im-
pact and energy release always are much stron-
ger when the stream hits the disc near periastron
(closer to the white dwarf), thus maintaining
the elliptical shape and producing a stronger
hump as long as the enhanced mass transfer
lasts. Since the disc precesses with some period,
the observed superhump period is slightly
longer than the orbital period, and the observed
decrease in superhump period can be explained
as due to a slight continuous contraction of the
disc which leads to a somewhat enhanced
precession period. Once the mass reservoir of
the secondary is exhausted, the mass transfer
rate returns to normal (causing the fast decline
from superoutburst) and the disc relaxes to a
circular shape, during which the late
superhump (with the correct phase shift or
about 180° in Osaki’s computations) is visible.

III.D. RAPID OSCILLATIONS

RELEVANT OBSERVATIONS: During the op-
tically high state (outburst) of some dwarf novae and
some nova-like stars, low-amplitude brightness fluc-
tuations with periods of typically some seconds to
some minutes and coherence times between a few
cycles and several hundred cycles can at times be
observed.

see 56, 98, 106

ABSTRACT: Due to the short periods and low
stability, the origin of the oscillations has to be placed
either on the outermost surface of the white dwarf
or in the innermost areas of the accretion disc. No
satisfactory model is available as yet.

Rapid brightness variations on time scales of
some 10 to 100 seconds have occasionally been
observed in many dwarf novae during outburst,
as well as in several nova-like systems during
the high brightness state (Chapters 2.11.D.2.,
3). The emerging picture is very confusing.
Conventionally, a distinction is made between
coherent and quasi-periodic oscillations, but it
is by no means clear whether this reflects any
real physical differences underlying the ob-
served phenomena.

Likewise, the theoretical understanding is not
very advanced. Patterson (1981) summarizes
and comments on most of the suggested
scenarios. The very short observed periods
place the origin somewhere on, or in the vicinity
of, the white dwarf (i.e., clearly the secondary
star can be discarded as a possible source). Fur-
thermore, the short coherence times and the
period changes point to only very little mass be-
ing involved in the process.

The latter constraint excludes rotation of the
white dwarf as the source, since there is no way
to change its period on time scales of hours,
and the oscillations clearly cannot be due to a
spotty surface of the white dwarf due to
magnetic fields. If the surface were rotational-
ly decoupled from the white dwarf’s interior
(Paczynski, 1978) the hypothesis could possibly
be saved from a dynamical point of view, but
the question remains why no pulsations are seen
during quiescence in those systems (e.g., HT
Cas, Z Cha) which during quiescence seem to
be dominated by the radiation from the white
dwarf.

Non-radial pulsations (g-modes) of the white
dwarf have been suggested as a possible source
by several authors (e.g., Faulkner et al, 1972;
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Osaki and Hausen, 1974). The problem with
these pulsations is, as Papaloizou and Pringle
(1978b) point out, that the observed changes in
period and amplitude require energies and time-
scales that are far too high for a cataclysmic
system. Papaloizou and Pringle conclude,
however, that when the rotation of the star is
properly taken into account, another kind of
non-radial oscillations, which they call r-mode
oscillations, are confined to only the outermost
surface layers of the star and could be respon-
sible for the observed oscillations. Even so, the
resulting phase coherence may still be orders of
magnitude larger than observed (Cérdova et al,
1980).

The latter authors tentatively place the origin
of radial pulsations in the boundary layer be-
tween the disc and the white dwarf. Variations
of the thickness and structure of the boundary
layer would lead to changes in the period and
amplitude of the pulsations.

Bath (1973) suggests inhomogeneities in the
inner accretion disc as they might originate
during outburst as possible source of the
observed oscillations. They are periodically
eclipsed by the white dwarf as they rotate; after
a while they would dissolve and others would
originate at slightly different radii. Radius
changes would bring about period changes, as
the inhomogeneities presumably rotate with
Keplerian velocity. The large amplitudes and
the long time scales of some of the observed
oscillations seem problematic, as well as why
always only one such blob should be visible.

Similarly, Sparks and Kutter (1980) invoke
waves of turbulent condensed material pro-
duced in the process of accretion onto the white
dwarf as the source for oscillations in dwarf
novae. Again the question arises why only one
such wave should be present at a time, and how
its (often) long lifetime can be explained, and
why these waves are not observable during all
outbursts of all dwarf novae and in all nova-
like systems with high mass transfer rates.

186

The most recent model by Tajima and Gilden
(1987) supposes the reconnection of small-scale
magnetic fields generated in the inner disc to
be the physical cause of the oscillations. The
problems here are identical with Sparks’ and
Kutter’s model.

In general it seems safe to conclude that the
radiation source of the observed short-period
oscillations and pulsations is to be sought
somewhere in the area of the inner disc, bound-
ary layer, and/or white dwarf. Since this prob-
ably is the very region in a cataclysmic system
where the physics and structure are least
understood, there seems to be no real hope of
improving our knowledge of the oscillations in
dwarf novae until a better physical under-
standing of that part of the system is gained.
The hope that observations of the oscillations
might set limits on possible models of, in par-
ticular, the boundary is clearly greatly dimin-
ished by the totally confused picture the obser-
vations currently present.

III.E. SECULAR VARIATIONS OF THE
ORBITAL PERIOD

RELEVANT OBSERVATIONS: Secular changes
of the orbital period have been measured in several
dwarf novae and nova-like stars. In some objects
these changes seem to be semi-periodic with time
scales on the order of 10 years or more.

see 45, 98, 111, 115

ABSTRACT: Several possible explanations have
been suggested. None of these provide a satisfactory
explanation of the observed phenomena. It is pos-
sible that a good deal of the changes are artifacts
of numerical manipulation.

Observed secular changes in the orbital
period of some cataclysmic variable systems
have been reported. In principle, several
mechanisms can be imagined to cause a change
in the observed orbital period: the presence of
a third (unseen) body in the system, rotation
of the line of absides, loss of angular momen-
tum and/or mass from the system, redistribu-



tion of mass and/or angular momentum within
the system, motion of the relative position of
the hot spot with respect to the other system
components, or any combination of these
mechanisms. In addition, it ought to be kept
in mind that the determination of the orbital
period is by no means trivial, and results must
be scrutinized very carefully before it can be
concluded that the period is variable at all. As
the example of the photometric observations of
CN Ori (Chapter 2.11.B.3) demonstrates, it is
not necessarily possible to derive a reliable or-
bital period from the light curve of a non-
eclipsing system; and if an eclipse is present,
it is not obvious what is being measured, say,
at the deepest point or at mid-eclipse, since the
shapes of eclipses are known to be variable, and
slight changes can be misinterpreted as period
changes. Only the moment half-way between
white dwarf/boundary layer ingress and egress
of double eclipsing systems seems to give a
stable reference point; the radius of the white
dwarf is a stable feature, and, if a boundary
layer is present, it is likely to be both thin (com-
pared to the dimensions of the white dwarf) and
symmetric in the rotational plane, which is what
is observed in double-eclipsing variables. Final-
ly, care must be taken of light travel times and
leap seconds. Spectroscopically determined or-
bital periods (from radial velocities) which are
sufficiently accurate have been available only
for some 15 years and thus do not provide a
sufficiently long time basis. Also some care
must be taken in combining photometric and
spectroscopic data, since for some objects (e.g.,
TT Ari, possibly CN Ori) these are different,
for as yet unknown reasons. In view of all this,
none of the published results of orbital period
changes seem particularly reliable, for one
reason or another. However, for the sake of
theoretical considerations, published values are
taken at face value in what follows.

To most of the published O-C data a
parabolic as well as a higher order function, or
even a part of a sine curve, can all be fitted
about equally well, because too few points are

known. In cases where observations are
clustered about few epochs with no single
observations in between, occasional occur-
rences of sudden changes rather than con-
tinuous changes cannot be excluded.

In three of those objects which have been
observed for a long time (U Gem, UX UMa,
DQ Her), the change in the orbital period has
been seen to invert its direction; time scales are
on the order of 15 years for U Gem and DQ
Her, and 29 years for UX UMa. Time bases are
still too short to allow for a decision on whether
the changes are really periodic or merely semi-
periodic. The data in the O-C diagram of U
Gem (Figure 2-45) significantly deviate from a
tentatively fitted sine curve. In the case of UX
UMa there is no longer any support for a
29-year periodicity to be present in O-C. So far,
no such conclusions can be drawn for any other
object for lack of observational data.

Several mechanisms have been suggested to
explain period changes in cataclysmic variables.
To date, however, not a single one can be iden-
tified that seems likely to work. Among those
mechanisms suggested is a third body cir-
culating the cataclysmic system (Nather and
Robinson, 1974; Patterson et al, 1978b) by
means of which strictly periodic period changes
could be explained in principle. However,
besides the fact that this kind of change is not
what is observed, constraints on the mass of
this hypothetical third body are unreasonably
high for it to be a likely explanation for many
systems. Rotation of the line of apsides (Pat-
terson et al, 1978b) again would produce strict-
ly periodic period changes, and, in addition, the
predicted time scales are on the order of months
rather than decades. Redistribution of mass
within the system, or loss of mass and/or
angular momentum from the system (Pringle,
1975) all lead to only either a period increase
or a period decrease, but clearly not to any kind
of cyclic or even periodic changes. The only
mechanism considered so far which might be
able to explain non-monotonic changes of the
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orbital periods is changes of the relative posi-
tion of the hot spot in the system, though no
explanation has been offered why this should
happen on time scales of tens of years.

HLF. MAGNETIC ACCRETION

IIILF.1. STRONGLY MAGNETIC
SYSTEMS — AM HERCULIS STARS

RELEVANT OBSERVATIONS: In this class of ob-
jects photometric (at all observable wavelengths),
spectroscopic, and polarimetric changes all occur
with the same period.

see 125

ABSTRACT: The current model envisions a strong-
ly magnetic, synchronously rotating white dwarf
which prevents the formation of an accretion disc,
S0 accretion occurs through magnetic funnels along
the field lines.

There is a class of cataclysmic variables
which exhibits very strong linearly and circular-
ly polarized, Zeeman splitted lines during its
photometrically low state, and in which all tem-
poral variations occur with exactly the same
period that is typical for the orbital period of
catclysmic variable systems.

The general interpretation which has been
suggested for these AM Herculis stars is that
the rotation of a very strongly magnetic white
dwarf (field strengths of several times 10’ G
have been determined from both polarization
observations and Zeeman splitting) is phase-
locked with the binary motion, and the strong
field and correspondingly large Alfvén radius
prevent the formation of an accretion disc in
these systems. (For a recent review see Liebert
and Stockman (1985).)

The gross picture is that material leaves the
companion star at the Lagrangian point L,
and enters the white dwarf’s Roche lobe. For
the first part of its journey to the white dwarf
the trajectory of the material is hardly different
from that in other cataclysmic variables, but
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eventually the magnetic field increasingly
governs the flow and channels the matter onto
one or both of its poles where it is braked and
then accreted in a strong standing shock (Figure
4-32). The usual case is that one pole, the one
closer to the secondary star (the white dwarf’s
rotational and magnetic axis can have any
orientation with respect to each other) accretes
most of the material, while the second, depend-
ing again on its position, in the extreme case
may receive no material at all.

The observed hard and soft X-ray radiation,
roughly having the shape of a bremsstrahlungs
spectrum and a black body, respectively, are
thought to be emitted from the accreting pole,
whereby soft X-rays result from hard X-rays
which have been degraded in the white dwarf’s
photosphere (e.g., Chanmugam, 1986). The
third continuum component, a cyclotron spec-
trum which dominates the optical and the IR,
is conjectured to originate higher up in the
shock front (Figure 4-33). The observable
photometric variations are brought about by
aspect variations and/or temporary eclipses of
the accreting pole(s), and differences between
various systems are mostly due to differences
in the inclination angle, the different orienta-
tion of the white dwarf’s magnetic axis, and —
related to this — whether and how strongly one
or both poles accrete material. The observed
sharp strong emission lines are believed to
originate from the heated surface of the secon-
dary star (e.g., Mukai et al, 1986), while the
board bases of these lines seem to be emitted
by the gas stream close to the shock front as
it approaches the white dwarf. The very broad
emission features in the optical and IR con-
tinuum (Figure 4-34a) are understood to be
cyclotron emission lines (e.g., Wickramasinghe
and Meggitt, 1982).

At irregular intervals of time, some AM Her-
culis systems are seen to drop in brightness by
three to five magnitudes, an effect which is
ascribed to temporary cessation of the mass
overflow like that in other nova-like stars. At
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these states the X-ray influx is reduced, the
strong narrow emission lines are strongly re-
duced or disappear altogether (the secondary
star is not heated any longer), their broad bases
disappear (since the accretion column is more
or less non-existent), and in some systems the
spectrum of the secondary component becomes
visible in the IR (e.g., Bailey et al, 1985). At
this stage several lines in the optical appear to
exhibit Zeeman absorption components cor-
responding to the strength of the white dwarf’s
magnetic field as derived from polarization
measurements (e.g., Mitrofanov, 1980;
Schmidt et al, 1983; Bailey et al, 1985). The
polarization stays unaltered during low states
— supporting the view that it originates from
the white dwarf and that mass transfer from
the secondary star is the cause for the observed
changes.

Theoretically a very difficult and controver-
sial point about AM Herculis stars is the ac-
tual physical structure and the geometrical size
and shape of the accretion shock. A wealth of
literature has been published on this subject
during recent years, but many points have yet
to be clarified (e.g., King, 1983; Langer et al,
1983; Frank and King, 1984; Meggitt and
Wickramasinghe, 1984; Wickramasinghe and
Meggitt, 1985a; 1985b; Chanmugam, 1986). An
extensive review of the current state of the
theory of AM Herculis stars, discussing the dif-
ficulties and prospects, has been given by Lamb
(1985).

For conditions found in these systems, the
main cooling process is optically thin cyclotron
emission. Model computations based on this
assumption fit the observed flux and polariza-
tion fairly well, in spite of the obviously still
serious theoretical problems (Figure 4-34).
From such fits the strength of the magnetic
field, the geometrical size and shape of the ac-
cretion column, the various inclination angles,
temperatures of the emitting region, and accre-
tion rates can be obtained. The still obvious
disagreements with the observations seem to
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become smaller if a reasonable temperature
structure for the shock region, other than a
single temperature, and other cooling effects
than just cyclotron radiation are considered.

IILF.2. WEAKLY MAGNETIC SYSTEMS
— DQ HERCULIS STARS

RELEVANT OBSERVATIONS: These systems ex-
hibit more than one highly stable photometric period.
Otherwise their appearance is like that of other (non-
magnetic) nova-like stars.

see 112

ABSTRACT: The magnetic field of the white dwarf
is of intermediate strength and disrupts the disc at
some distance from the star; final accretion occurs
along the field lines onto the magnetic poles. The
white dwarf rotates asynchronously with the binary
orbit. Hllumination of system components by the hot
accreting poles, or radiation from the poles
themselves, produces the additional photometric
periodicities.

The appearance and temporal variability of
most cataclysmic variables can be understood
satisfactorily without invoking magnetic fields;
but, as was discussed in the previous section,
there are others in which strong magnetic fields
are directly measurable, and these fields deter-
mine the nature of these systems to a very con-
siderable extent. If very weakly magnetic, or
non-magnetic, systems and very strongly
magnetic systems exist, it seems reasonable to
assume the existence of systems with moderate-
ly strong magnetic fields.

A couple of systems have been observed, the
DQ Herculis stars, which exhibit two or more
extremely stable photometric periods. These
have been tentatively identified with moderately
strong magnetic systems (Bath et al, 1974a;
Lamb, 1974; Patterson et al, 1978a; Chester,
1979; Patterson, 1979b; Patterson, 1980;
Hassall et al, 1981 ; Patterson and Prince, 1981;
Warner, 1983; 1985a; Cordova et al, 1985;
Warner, 1985b; 1986a. For recent reviews see
Warner, 1983; 1985a.) Neither polarization nor
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Figure 4-35. Schematic model of DQ Herculis
systems (Warner, 1985b). Variation of the angle of
inclination can explain the observed differences be-
tween different systems.

Zeeman splitting in the lines is observable in
DQ Herculis systems, but if magnetic fields are
assumed to be one to two orders of magnitude
smaller than those observed in AM Herculis
stars, one would not expect to observe any
direct evidence for these fields with current
techniques.

The basic physics of these systems is identical
to that of non-magnetic cataclysmic
variables: a white dwarf accretes material from
a Roche lobe filling secondary star through an
accretion disc. However, here the magnetic field
of the white dwarf is strong enough (estimates
— mostly based on observed spin-up rates of
the white dwarfs — predict field strengths on
the order of 10° to 10° G, i.e., 1-2 orders of
magnitude weaker than fields in AM Herculis
stars (Lamb, 1985)) to disrupt the inner edge
of the disc at some distance from the white
dwarf. Interior to this Alfvén radius all material
is forced to co-rotate with the field lines (i.e.,
with the white dwarf), thus accretion in this
area occurs through accretion funnels which
end in two hot regions around the magnetic

poles on the surface of the white dwarf. Since
the white dwarf does not rotate synchronously
with the binary orbit, and since its magnetic axis
is not in general aligned with the rotational axis,
a beam of light from each magnetic pole sweeps
over the system with the rotational period of
the white dwarf. Thus, what is observable from
these systems first of all are the normal
brightness variations of a cataclysmic variable
system, like humps, eclipses, etc. In addition,
beams from one or both magnetic poles might
be seen. Furthermore, the secondary star and
the inner edge and/or the surface of the accre-
tions disc or the hot spot are irradiated by the
magnetic poles which produces radiation that
is modulated with the rotational period of the
white dwarf and/or some beat period with the
orbital motion. Which part contributes how
much to the observed radiation strongly
depends on the system geometry, the orienta-
tion of the magnetic axis, and the position
relative to the observer. Furthermore, changes
in the disc geometry in particular, as for in-
stance due to changes in the mass transfer rate,
can account for more or less irregular
brightness (amplitude) variations, or even time
delays, of the degraded radiation. X-ray radia-
tion is expected to be emitted from the accre-
tion poles, which may or may not be directly
observable depending again on the inclination
angle; but certainly the X-rays are a powerful
heat source in the system.

Warner (1986) carried out a systematic in-
vestigation of theoretically predicted and
observed Fourier spectra of photometric
variabilities in DQ Herculis variables, and was
able to explain in a consistent way the optical
and X-ray idiosynchrasies of as different
systems as V1223 Sgr, FO Aqr, and AO Psc,
and several others by simply assuming different
inclination angles of the magnetic axis (Figure
4-35).

Phase shifts of the oscillations (71 sec period)
of about 180° have been observed in DQ Her
during the eclipse (Patterson et al, 1978a, see
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Figure 3-26). Assuming the reflection of a
rotating beam at the inner edge of the disrupted
disc, a progradely rotating white dwarf with a
rotational period of 71 sec, and a system in-
clination of about 90°, Patterson (1980) was
able to theoretically reproduce the observed
behavior. A similar shift seen in the occa-
sionally present short-period oscilla-
tions in the very similar, but probably not
magnetic, system UX UMa can be explained in
the same way, if a somewhat larger inclination
angle is assumed, and if bright blobs circulating
in the inner disc are assumed to be the source
for the brightness variations.

IV. MODELING THE OBSERVED
SPECTRA

The observed spectra of dwarf novae and
nova-like stars have been presented in the
previous chapters. They comprise a fairly large
range: pure emission spectra, pure absorption
spectra, a mixture of both, asymmetric line pro-
files, very different slopes of the continuous
flux distribution — and one single system may
exhibit all of these features at different times.
Changes from one sort of spectrum to another
have been observed to occur as quickly as
within one hour or less. Usually, however, they
occur within a couple of hours or days.

From considering many of the observed
properties, a conceptual model has been
developed of what a cataclysmic variable may
look like, the so-called Roche model, or a
canonical model (see Chapter 4.II.A). This
model makes predictions as to what parts of the
system emit what kind of radiation. So in prin-
ciple it should be possible to synthesize a
theoretical spectrum of a cataclysmic variable
by means of — probably slightly modified —
conventional spectrum computations. Agree-
ment and disagreement between computed and
observed spectra should show whether or not
the Roche model is applicable and where it
probably will have to be modified and
improved.
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During the past ten years a couple of such
attempts have been undertaken which are
discussed in this section. It will be seen im-
mediately that a reasonably comprehensive ap-
proach which accounts for all the observed
features is currently well beyond our physical
understanding of these systems, not to mention
the numerical problems to be encountered
along the way. The problem of computing spec-
tra for cataclysmic variables is split into basi-
cally three separate problems: that of speci-
fying the physical model to serve as a basis for
the equations and the computations; that of
computing the continuous spectrum; and that
of computing the line spectrum.

IV.A. THE BLACK BODY APPROACH

RELEVANT OBSERVATIONS: The observed
Slux distribution of the continuous radiation does not
resemble that of normal stars.

see 65

ABSTRACT: An approximate fit of the observed
Slux distribution is possible if it is assumed that on-
ly the accretion disc contributes to the radiation, and
that at each distance from the white dwarf it radiates
like a black body with a radial temperature distribu-
tion derived for a stationary disc.

No attempts have ever been made to com-
pute spectra of cataclysmic variables based on
a conceptual model other than the Roche
model, since, in spite of some obvious short-
comings, no reasonable alternative exists. In
fact, computations based on the Roche model
do yield results which bear definite similarities
to many of the observed features.

The assumption that the Roche model is valid
grossly determines which parts and properties
of the system — i.e., the masses of the stars,
the orbital period, the inner and outer disc
radius, and the angle of inclination of the
system with respect to the line of sight of the
observer — primarily determine the spectrum.
Observations impose some further limitations



Figure 4-36. For purposes of spectrum computations
the accretion disc Is divided into concentric rings of
homogeneous physical properties (la Dous, 1989).

on possible parameter combinations, such as
minimum and maximum orbital periods of
some 80 minutes and some 10 to 15 hours,
respectively, and also the observation that the
secondary stars are usually close to the main
sequence. Furthermore, from observed energies
and velocities it is certainly justifiable to neglect
all relativistic effects.

The easiest way to test the suitability of the
Roche model from the spectroscopic point of
view, and also to gain some experience and
understanding of the radiation emitted by an
accretion disc, is to assume that every point of
its surface radiates like a black body. This first
has been done by Tylenda (1977). He assumes
a stationary accretion disc and thus can make
use of the theoretical radial temperature distri-
bution given by equation 4.2. For numerical
purposes, the disc is divided into concentric
“rings”’ of homogeneous physical conditions
(Figure 4-36). The radiation of the entire disc
is obtained from integrating over the contribu-
tions of all these *‘rings.’”” He demonstrates that
it is possible to qualitatively reproduce the
observed spectra of the dwarf nova SS Cyg in
outburst and of the old novae RR Pic and V603
Aql in a rather satisfactorily way.
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Figure 4-37. Contribution functions of a black body
disc. The log r values correspond to the areas given
in Figure 4-36 (la Dous, 1989). The UV radiation is
dominated entirely by radiation from the central
disc; the central and middle disc contribute to the op-
tical: the IR radiation comes from the middle and

outer disc. The dashed line is the integrated

spe('lrum.

This kind of computation proved to be a very
valuable and straightforward tool for in-
vestigating the major influences of various parts
of the system on the integrated radiation (la
Dous, 1986; 1989). In Figure 4-37, the contribu-
tion functions of the “‘rings’’ of which the syn-
thetic disc consists are displayed together with
the resulting integrated spectrum. It is evident
that in the example given, the UV radiation is
entirely due to the very innermost 1 - 5% of
the disc area, whereas the optical radiation is
produced by both the inner and the middle
areas, and the IR comes from the middle and
the outer areas. It is particularly important to
realize that very dramatic changes of the size
of the cool outer disc hardly affect the optical
radiation and do not at all affect the UV radia-
tion. Furthermore, the radius of the white
dwarf (which is critically dependent on the mass
(Nauenberg, 1972)) has a very determining in-
fluence on the UV radiation. Likewise, the rate
of mass throughput through the disc is by
definition identical to the mass transfer rate
from the secondary star (in a stationary accre-
tion disc) is of crucial importance to the radia-
tion emitted by the disc.

The influence of the boundary layer between
the disc and the white dwarf on the spectrum,
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is hard to estimate, since the amount and
wavelength distribution of that radiation
depends critically on the rotational velocity of
the white dwarf as well as on the geometrical
size and physical structure of the boundary
layer, none of which are known. Computations
demonstrate that this radiating component may
or may not be of any importance in the UV,
depending on local conditions. Clearly,
however, it can always be neglected at optical
and IR wavelengths.

Considering the contribution the secondary
star provides to the integrated radiation from
the system, its immediate influence is restricted
to long wavelengths in the red and IR regions,
since temperatures typically are on the order of
4000 K or less, and the projected surface area
is comparable to the size of the disc. The secon-
dary’s contribution can become important,
however, if the angle of inclination of the
system is such that the disc is seen almost edge-
on, so that its hot central parts do not con-
tribute to the observed radiation.

For a very large accretion disc which com-
prises a very large temperature range, a spec-
tral index of o, = 1/3 (O‘x = —7/3, respec-
tively) is predicted analytically by just in-
tegrating the radiation of a black body disc
(Lynden-Bell, 1969). It has often been claimed
in the literature that the observation of such a
continuum slope is an indication that the radia-
tion is emitted by a stationary disc. From
adopting maximum reasonable system
parameters for the computations, however, it
becomes immediately clear that accretion discs
in cataclysmic variables are both too small and
too cool for the spectral index to be around a,
= 1/3 for more than a very small spectral
range. Thus, the fact that such an index has
been observed on occasions has to be taken as
an indication that the disc emitting that spec-
trum is not stationary but rather possesses some
different radial temperature distribution.
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IV.B. CONTINUOUS AND ABSORPTION
LINE SPECTRA

RELEVANT OBSERVATIONS: In dwarf novae
during outburst, one observes mainly broad absorp-
tion lines in the optical and UV.

ABSTRACT: A reasonable first-order fit of the spec-
tra of dwarfnovae during outburst is possible, adopt-
ing current methods of spectrum computations.

When optical and UV continuous and ab-
sorption line spectra of cataclysmic variables
are computed, to a rather good approximation
it is sufficient to concentrate just on the radia-
tion emitted by the disc and to ignore contribu-
tions from all other components of the system.
Furthermore, as in the case of black body discs
(see above), it is quite reasonable to numerically
divide the disc into concentric rings of
homogeneous physical conditions and compute
the spectrum emitted by each such ring, in close
analogy to stellar (absorption) spectra. The
basic difference between a star and a disc is the
energy source, nuclear in one case, gravitational
energy in the other, but as long as the central
plane of the disc is optically thick, so that it is
safe to assume that all the energy has been set
free well below the photosphere, it does not
matter for the emitted spectrum what the nature
of the energy source is.

Spectrum computation requires the knowl-
edge of the chemical abundance, the effective
temperature, and the gravitational acceleration
in the atmosphere. As to the chemical abun-
dance, to adopt solar composition seems
reasonable and in agreement with considera-
tions about the evolutionary status of
cataclysmic variables. Furthermore, slight
changes in the chemical abundances show hard-
ly any effect on the emitted spectra of discs.
Again, under the assumption that the disc is sta-
tionary (which has been assumed so far in all
published computations), equation 4.2 provides
the radial temperature distribution. The
gravitational acceleration in the vertical direc-
tion is determined by the geometrical thickness



Figure 4-38. (below) Spectrum emitted by the
same system, seen under inclinations of 23 °, 60°,
and 83 ° (la Dous, 1989). The inclination angle is
of great importance for the received radiation.

109 Tore

Figure 4-39. Log g and Te// values of various disc
models. The solid line divides the regions in the
atmospheres where non-LTE conditions are im-
portant from that where they are not. Non-LTE
effects can be neglected in accretion discs in

z of the disc, and increases with increasing
distance from the central plane:

e(r) = G My z
V2 + 22 12 + 2
4.17)
= % for z<r

(all the symbols have their usual meaning). The
disc’s photosphere is defined to be at the
geometrical height z,. From observations it
can be concluded that z, is small compared
with the distance from the white dwarf, but its
actual value is unknown. Slightly different
assumptions were made by different authors
about the value of z, but any of these is essen-
tially as arbitrary as any other. A comparison
of synthetic disc spectra with various values for
z, in the range between 0.05° < 9 < 15° =
tan ! z,/1), as well as values which resulted
from hydrodynamic computations of optical-
ly thick discs by Meyer and Meyer-Hofmeister
(1982), revealed that differences in the com-
puted spectra are too small to be seen in actual-

cataclysmic variables (la Dous, 1989).

ly observed spectra unless the inclination
becomes very large and the limb darkeniné law
makes itself felt, in particular since effects of
other theoretical parameters on the spectrum
are much more serious (la Dous, 1986). Thus
it can be concluded that for geometrically thin,
optically thick accretion discs any value of
zO(r) is reasonable as long as zy(n<<rord <
10°.

Also, in many of the published spectrum
computations it is assumed that the gravita-
tional acceleration does not vary within the at-
mosphere. Whether or not this is a justified
assumption depends on the relative thickness
of the atmosphere with respect to the underly-
ing optically thick disc. Again, test computa-
tions revealed that as long as the disc is really
(and not just marginally) optically thick in the
central plane, the assumption that g(z) = con-
stant is quite justified (la Dous, 1986; 1989).
The situation of course changes entirely either
if energy production in the disc atmosphere is
taken into account, by means of which the at-
mosphere can become very extended with its
outer parts then called a ‘“corona,’’ or if the
disc is optically thin in the central plane.
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Figure 4-40. Contribution functions from an accretion disc model:

the disc rotation; (b) lines broadened by the Doppler velocity.
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(a) lines have not yet been broadened by



c)

TSIV 891 0. Felll 1893 §

- == s 2r B
O \///// |
LR Ll
8 ]
6 1
-
2
Ty
2 1
Q. v
2.9 2.95 3.0 3.05 3.1 3.15 3.2 3.25 3.3
log &
d) ome _ . - - - -
T i 7
.6 ]
(-]
iy
2
.2
0 v —
3.55 3.6 3.65 3.7 3.75 3.8
log &

Figure 4-40. (Continued) Integrated disc radiation (c) in the UV and (d) in the optical (la Dous, 1989).

ORIGINAL PAGE 1§ 197
OF POOR QUALITY



Figure 4-41. Influence of the
mass-transfer rate on the disc
' radiation: (1) 10-7 M _/yr;
(2) 1078 M_/yr; (3) 10~*
M _/yr, with otherwise iden-
tical model parameters. The
3 greatest effect is clearly on the
UV radiation, while optical
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colors are hardly changed (la
Dous, 1989).

Figure 4-42. Influence of varia-
tion of the inner disc radius on
the disc radiation: (1) r; =
1°2 em; (2) r, = 10°° cm; (3)
r, = 10/%3 cm (la Dous, 1989).
Such effects could result from
a varying size of the Alfvén
radius due to a magnetic field of
the white dwarf. While dramatic
changes occur in the UV, the
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log
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One further principle difference between at-
mospheres of stars and atmospheres of discs is
that, unlike stars, discs are essentially two-
dimensional objects and thus the angle of in-
clination i between the normal on the rotational
plane and the line of sight of the observer is im-
portant for the observed radiation. This most-
ly affects the limb-darkening in that mainly the
radiation emitted by the cooler layers of the at-
mosphere is received at the higher inclinations
(Figure 4-38). With respect to computing a
spectrum this means that, in a disc, it is the
angle-dependent flux emerging from each part
of the atmosphere which has to be integrated
over all the disc rather than the angle-averaged
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3.

[3

optical colors remain
unchanged.

3.7 3.8

flux. Since published stellar spectra (computed
or observed) all yield only the angle-averaged
flux, this implies serious limitations to compar-
ing computed stellar spectra with observations
when used as a basis for synthesizing relevant
disc spectra.

The parameter ranges covered by accretion
discs in cataclysmic variables suggest that, with
the possible exception of the very central parts
close to the white dwarf (where the boundary
layer probably has a large influence), LTE is
a good approximation for atmosphere com-
putations (Figure 4-39). Radiation pressure can
well be neglected. Electron scattering, however,



can become very important in some areas of the
disc. Convection does become important at
larger distances from the central object.
However, irrespective of their large geometrical
size, the contribution of these cool parts to the
total radiation of a stationary, optically thick
accretion disc is negligible in the optical and
UV, so proper treatment of convection is not
of crucial importance.

When line radiation is included, the effect of
the Keplerian rotation of the disc must be taken
into account, which leads to both additional
line broadening as well as to double-peaked ab-
sorption profiles (in analogy to emission pro-
files, see Figure 4-45, Chapter 4.1V.C). The
main effect on the Balmer lines is that they ap-
pear double-peaked, particularly at high in-
clination angles, while the UV lines of heavy
elements can be broadened by many times their
pressure-broadened value, and a lot of detailed
information can be washed out. ... an effect
which is strongly enhanced by the integration
of radiation from all parts of the disc (Figure
4-40).

Spectrum synthesis for stationary,
geometrically thin, optically thick accretion
discs has been performed by several authors
(Herter et al, 1979; Kiplinger, 1979; 1980; Mayo
et al, 1980; Pacharintanakul and Katz, 1980;
Tylenda, 1981a; Wade, 1984; la Dous, 1986,
1989), using ecither published sets of, or
program codes for, stellar atmospheres and
including, or in some cases not including,
absorption lines in the computations. The effects
of parameter changes on the theoretical
spectra have been investigated (quoted
references should be checked for details). The
major results which emerged are that, of
the possible free parameters investigated
which might influence the character of
the computed spectrum (the mass M,,, of the
white dwarf, the mass transfer rate M, the inner
and outer disc radii r, and I, respectively, and
the angle of inclination i), the mass of the white

dwarf — not considering its influence on the
star’s radius — and the outer disc radius are
of practically no importance. The drastic effect
of the inclination angle i on lines as well as on
the continuum flux already has been shown in
Figure 4-38. The mass transfer rate M enters
the radial temperature profile and thus is a very
determining factor for the appearance of the
disc spectrum (Figure 4-41), and variations of
I, strongly alter the temperature range. If due
to a magnetic field which the white dwarf may
possess, the inner disc radius r, also is a
variable parameter, this is even more important
for the disc spectrum than M (Figure 4-42),
since its variation means including or negleci-
ing the very hottest areas of the disc which
entirely determine the UV and also partly the
optical radiation.

In general, almost any parameter variations
have much more pronounced effects on the UV
than on the optical radiation, so that no useful
information about the system as a whole can
generally be obtained from the optical colors
of cataclysmic variables alone. Including also
UV colors is of limited use. Meaningful system
parameters may possibly be derivable from
high-quality, high-resolution spectroscopic data
of the optical plus UV range or from con-
tinuum observations alone, if the mass of the
white dwarf is known with some confidence (la
Dous, 1989), but this has not been tried yet.

Irradiation of the disc by hot central areas
and/or the boundary layer, or generation of
energy in the atmosphere, lead to the forma-
tion of extended chromospheres and coronae
above the accretion disc which change con-
siderably the nature of the emitted radiation,
even if the accretion disc itself is optically thick
(Schwarzenberg-Czerny, 1981; Kfiz and
Hubeny, 1986; Shaviv and Wehrse, 1986).
Results so far have not led to more than the
demonstration that such thin extended regions
are present.
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IV.C. EMISSION LINE SPECTRA

RELEVANT OBSERVATIONS: During the
quiescent state, most dwarf novae are dominated by
strong emission lines of hydrogen in the optical and
by strong metal resonance emission lines in the UV.

see 73

ABSTRACT: The line emission is attributed to op-
tically thin areas in the inner and/or outer accretion
disc, or even to the entire disc. Modeling is con-
siderably more difficult than for outburst spectra
since there is evidence that the disc is not stationary
(i.e., no radial temperature law is available a priori),
and non-LTE effects might become important, in
particular in the presence of energy generation in the
atmosphere.

The spectra of quiescent dwarf novae, some
nova-like systems, and old novae, usually ex-
hibit strong emission lines of H, Hel, Hell,
and, particularly in the UV, of highly ionized
elements such as C IV, Si IV, N V. Different
lines in one spectrum can, and usually do, ex-
hibit vastly different profiles; in particular, the
Balmer and He lines often are double-peaked
if the system is seen under a large inclination
angle, while normally all other lines exhibit
single-peaked profiles. The shapes of the radial
velocity curves are different for different lines
and species, normally lines are eclipsed if the
continuum undergoes an eclipse, but different
lines are eclipsed in different ways, and all are
affected differently than the continuous radia-
tion. In general, it can be concluded that emis-
sion lines originate from the Roche lobe of the
primary stars (white dwarf); that most emission
lines originate near the orbital plane, i.e., in or
near the accretion disc; that not all lines are
formed in the same region of the disc; and that
some lines, in particular those with the highest
ionization potential, are formed far away from
the orbital plane.

From lines and line ratios seen in the spec-
trum of the old nova V603 Aql, Ferland et al
(1982a) conclude that the line emission probably
originates in an extenaed corona filling most
of the white dwarf’s Roche lobe which is heated
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by irradiation from the disc. Similarly, Jameson
et al (1980) conclude from the UV spectra of
the somewhat peculiar cataclysmic variable AE
Agqr that the cool emission lines, Mg II, Ca I,
and about half of Ly « are likely to originate
in optically thin parts of the accretion disc
itself, while the lines of the highly ionized
elements, in particular NV, Si IV, C 1V, and
He II are likely to originate in a chromospheric
region outside the disc, which again is heated
by the hot central parts of the disc.

In general, emission lines in cataclysmic
variables can originate either in a corona above
or below the accretion disc, or in optically thin
parts of the disc itself. Williams (1980) included
the possibility for the disc to be optically thin
in the continuum in the outer cool disc areas
(far away from the white dwarf), while it is still
optically thick in the lines. The particular
features of his results are highly dependent on
the choice of the viscosity and on the assump-
tion that the entire disc is stationary, but the
general features are of wider significance. He
finds that larger areas of the outer disc become
optically thin in the continuum with decreas-
ing mass transfer rate while the inner disc is still
optically thick (Figure 4-43a); at very small
transfer rates (of the order of M 1012
M, /yr in his models) the entire disc becomes
optically thin in the continuum. The Balmer
lines remain optically thick throughout almost
all of his model discs. The intensity ratio he ob-
tains for the emissions of Ha, HB, and Hy are
in reasonable agreement with observed ratios;
however, he does not take into account con-
tributions from absorption lines produced by
the optically thick parts of the disc. None of
his models produce any He lines of appreciable
strength, from which Williams concludes that
— for discs of the kind investigated — the lines,
which are observed to be fairly strong at times,
originate in some other, hotter, optically thin
regions of the system. The disc in Bailey and
Axon (1981) is assumed to be stationary, thus
the optically thin outer disc has to heat up con-
siderably over the respective black body
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Figure 4-44. When accretion discs become optically thin with decreasing mass-transfer rate, the emitted flux is
represented ever more poorly by black body radiators (Tylenda, 1981a).

temperature in order to radiate away all of the
locally created energy. This results in the
temperature in these outer regions staying more
or less constant (at.about 6500 K for the viscosi-
ty chosen in William’s example) over geometri-
cally large areas (Figure 4-43b).

Tylenda (1981a) arrives at very similar results
from only slightly different computations. He
stresses the point how increasingly poorly, par-
ticularly at optical and UV wavelengths, black

bodies represent the continuous radiation emit-
ted by accretion discs as ever larger optically
thin areas are involved, increasing in size with
decreasing M and increasing outer disc radius
(Figure 4-44a), but also how sensitive the ac-
tual temperature reached in the outer disc is to
the particular choice of the viscosity (Figure
4-44b). He also finds that the emission line pro-
files are critically dependent on M and viscosi-
ty, and also on the inclination angle, as one
would expect,

201



When it comes to modeling actually observed
emission line profiles, it is known that they de-
pend on a wealth of parameters in addition to
the influences already discussed above in the
case of absorption lines; on the radial and
azimuthal brightness distribution in the accre-
tion disc, on the inner and outer radius of the
region where the particular line under investiga-
tion originates, on gas densities in the region,
on the amount of turbulent motions present,
on the rotational velocities in the discs and their
relative size in different regions, on the shape
and geometrical origin of the continuous spec-
trum as well as of the absorption lines, and on
even more parameters, depending on the degree
of sophistication of the computations. Several
increasingly promising attempts to model emis-
sion line profiles have been undertaken so far,
in particular of the Balmer lines of hydrogen;
but clearly a lot of research remains to be done.
The double-peaked lines of high-inclination
systems are particularly well suited for testing
of models, since these profiles have sufficient
structure to impose considerable constraints on
model parameters.

Double-peaked profiles are believed to be due
to the combined effects of the disc being a two-
dimensional object and Keplerian rotation, in
the same way double-peaked absorption pro-
files arise in the computations of optically thick
accretion discs (Chapter 4.1V.B). In principle,
the peak separation should be indicative of the
rotational velocity of the outermost radius in
the disc, where a considerable contribution to
the line under investigation originates (Figure
4-45). Computations indicate that such a peak
separation should already be visible at inclina-
tions as low as 15°. There are objects on the
other hand, like BT Mon, LX Ser, and SW Sex,
which exhibit clear single-peaked hydrogen
emission profiles, yet they show eclipses of the
continuous as well as of the line radiation which
point to fairly high inclinations (Williams et al,
1988). 'One suggestion for solving this problem
was to assume the presence of an additional
component in the core of the emission lines, the
geometrical origin of which was not specified
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further (Smak, 1981). Recently however, Marsh
(1987) and Williams et al (1988) pointed at the
importance of Stark broadening in smoothing
out the peaks of theoretical emission line pro-
files in accretion discs, an effect which is also
able to explain the presence of very broad wings
of the Balmer emission lines in some systems
which are seen nearly pole-on. The actual im-
portance of the Stark effect depends largely on
the surface density of electrons and thus on the
temperature. Due to different ways in which the
Stark effect acts on H and He, a situation is
conceivable wherein double-peaked H lines co-
exist with single-peaked He lines (Williams et
al, 1987) — a situation which is actually ob-
served at times (see Chapter 2.11.B.1, Figure
2-93). Marsh (1987) stresses the point that while
Stark broadening certainly has a very impor-
tant influence on line profiles in the inner disc,
it may not be very important for the formation
of double-peaked profiles of the H lines if the
bulk of emission originates in the outer cool
disc areas where the electron density is low.
Furthermore, there is an observational indica-
tion against Stark broadening to be the cause
of the single-peaked profiles, at least in the
nova-like system LX Ser, since the Paschen
lines should still have double structure if Balmer
lines appear single-peaked due to Start effect,
which in LX Ser they do not, when observed
at sufficiently high wavelength resolution
(Young et al 1981a).

A Keplerian rotating accretion disc implies
the presence of significant velocity gradients in
the atmosphere. This does not pose a problem
for the continuum radiation, nor does it prob-
ably pose one for absorption lines according to
Rybicki and Hummer (1983). They elaborate
on the importance of this additional asymmetry
when dealing with accretion discs which are op-
tically thin in the continuum. They discuss in
particular conditions in the outer cool parts of
the discs where the strong H emission lines are
formed. They try to apply the Sobolev theory
(a simplified version of the general escape prob-
ability method, applicable in the presence of
high velocity gradients), but conclude that
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physical conditions in accretion discs in
cataclysmic variables at best marginally allow
for applicability of this particular method.

Horne and Marsh (1986) deal further with
this problem, again assuming a condition where
the disc area investigated is optically thin in the
continuum and either optically thin or optical-
ly thick in the lines. In order to show the general
influence of some physical effects on the emis-
sion line profiles they still adopt the Sobolev
approximation for sake of simplicity, fully
aware, however, of its limitations. They find
that the local anisotropy can become a very im-

Figure 4-45. Geometrical origin of double-peaked
line profiles in accretion discs (Horne and Marsh,
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Figure 4-46b. Profiles of optically thin lines for
different emissivities in the disc: mostly the line
wings are affected (Horne and Marsh, 1986).

Figure 4-46a. (left) Synthetic line profiles of optically
thin and optically thick lines at various angles of in-
clination (Horne and Marsh, 1986). Optically thick
lines yield profiles which resemble more those mostly
seen in dwarf novae (e.g., Figure 4-47b).

portant factor for the profiles of optically thick
emission lines, particularly when the disc is seen
under large inclination angles, while it is of only
minor importance for optically thin lines, which
by definition radiate isotropically. The effect
on optically thick lines is illustrated in Figure
4-46a: for inclination angles larger than about
60 ° the minimum between the two peaks of the
emission lines becomes considerably deeper if
shear broadening is taken into account, com-
pared to the case when it is not. Comparison
of these computed profiles with an observed
profile (Figure 4-46b) of Ha in Z Cha
demonstrates that the fit is decidedly better
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O Figure 4-47. The principle of the line deconvolu-
T -] tion: when a disc with asymmetric brightness
- distribution is seen under different angles, different
N line profiles result; the deconvolution method tries

to reconstruct the information contained in the line
profiles (Marsh, 1986).

Figure 4-48. Reconstructed emission of Z Cha during quiescence in four Balmer lines: (a) total emissivity.
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Figure 4-48(c) Radial dependence of the emission
line flux in the Balmer lines. The disc is decidedly
asymmetric in radial as well as azimuthal directions
in its physical properties (Marsh, 1986).

when the effect of this velocity gradient is taken
into account; a similar situation accounts for
observed profiles of U Gem (Stover, 1981a).

In order to compute the profile of a line emit-
ted by an entire accretion disc some radial
dependence of the line emissivity has to be
adopted (like assuming the disc is rotationally
symmetric). The assumption of a power-law
dependence:

fr) ~ r=® (4.18)
for the radial variation of the emissivity proved

successful for modeling observed eclipses of H
and He lines in DQ Her, with b=0 for the
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Balmer lines and b=2 for He II 4686 A. Ap-
plying the same hypothesis and analyzing
observed line profiles of different cataclysmic
variables, values in the range 1 < b < 2.2 pro-
vided the best fit (Smak, 1981, and references
therein). Horne and Marsh demonstrate how
various choices of b mostly affect the wings of
the theoretical profiles (Figure 4-46b).

In basically the same way in which Horne et
al (Horne, 1985; Horne and Cook, 1985; Home
and Stiening, 1985; Wood et al, 1986 see also
Chapter V.IV.E) tried to reconstruct the con-
tinuum brightness distribution of accretion
discs from UBYV observations during eclipses,
Marsh (1986) attempted to reconstruct the
brightness distribution within the discs for line
emission, by relating profiles observed at dif-
ferent orbital phases (Figure 4-47). The basic
assumptions for this computation were Roche
geometry and that the line radiation be emit-
ted by the stationary, Keplerian rotating accre-
tion disc. As a first approximation an
azimuthally homogeneous disc was assumed.
The resulting radial and azimuthal distribution
of the emissivity in Ho, H3, Hy, and Hé in the
eclipsing dwarf nova Z Cha during quiescent
state (as reconstructed from phase-resolved
echelle spectra) is displayed in Figure 4-48. Ap-
proximately the expected pattern is ob-
tained: the emissivity basically is azimuthal-
ly (rotationally) symmetric, with the single ex-
ception of Hy which for unknown reasons
departs considerably from symmetry; fractional
deviations from symmetry indicate the presence
of the hot spot at about the place where it is
expected according to theoretical considera-
tions, which, since it only becomes visible when
deviations from rotational symmetry are con-
sidered in turn indicates that the contribution
of the hot spot to the integrated radiation can-
not be more than a few percent; and, finally,
the radial distribution of the emissivity clearly
does not follow a simple power law (which
would be a straight line in Figure 4-48c) but a
more complicated pattern which is unique for
each of the investigated lines.
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Marsh attempts to reconstruct theoretically
the observed spectrum with this probably
reasonable distribution of the line emissivity,
taking into account Stark broadening and shear
broadening and using both a fairly accurate
brightness temperature distribution derived
from eclipse mapping methods and also a fair-
ly reliable angle of inclination of the system
(derived in Wood et al, 1986). He concludes
that the disc is probably not in a steady state,
since the mass transfer rate estimated from the
luminosity of the hot spot is much larger than
permissible for an optically thin accretion disc;
an optically thick disc, on the other hand,
matches the observations decidedly worse than
an optically thin one; secondly, non-LTE con-
ditions have to be assumed in order to match
the high Balmer emissivity observed from the
center of the disc.

4.1Vv.D. P CYGNI PROFILES, WINDS,
AND CORONAE

RELEVANT OBSERVATIONS: Strong P Cygni
profiles or blue-shifted absorptions are seen in C IV,
and occasionally also in Si IV and N V, during the
outburst of dwarf novae and in many nova-like stars.
These profiles are considerably different from those
of normal hot stars. Systems with very high inclina-
tion angles exhibit only strong emission profiles in
these lines. All other lines are seen in absorption as
usual.

see 84, 99, 107

ABSTRACT: The observations can be reproduced
rather well assuming an optically thick accretion disc
and a wind driven out from the disc center and/or
boundary layer.

In many nova-like stars and in dwarf novae
during the outburst state the Balmer lines of H
in the optical are seen in absorption, with pro-
files that are symmetric about the line center.
In the UV, however, many systems exhibit ab-
sorptions in C 1V (1549 A), N V (1240 &), and
in Si IV (1400 A), which are asymmetrically
blue shifted by 3000 - 5000 km/sec or more.
In addition, the C IV line also has an ap-
preciable red-shifted emission component



which is often seen at the same time, making
it a classical P Cygni profile; while no more than
a slight indication of an emission can be
detected in the Si IV and N V lines. Other
systems exhibit spectra with C IV in emission
during the photometrically bright state, while
the other lines are either in absorption or in
emission; but all lines are roughly symmetric
about line center (Chapters 2.11.B.2.3). When
compared with system parameters it turns out
that P Cygni profiles seem to appear exclusively
in low-inclination systems, while very high-
inclination systems show at least C IV in emis-
sion during the outburst state. Eclipse obser-
vations of RW Tri and UX UMa show that Si
IV and N V are decidedly less affected than the
continuum at the time of strong attenuation of
the continuous flux, while C IV is hardly eclips-
ed at all (Drew and Verbunt, 1985). From these
observations in these two stars, it can be con-
cluded that all of these lines are formed in an
extended region centered about the white
dwarf, and that C 1V also originates in a much
larger volume which thus is practically insen-
sitive to the eclipse. Furthermore, from the
observation that C I'V does exhibit P Cygni pro-
files while Si IV and N V do not, it can be con-
cluded that the abundance of the latter two ions
is much less than that of C IV.

In analogy to P Cygni profiles observed in
O, B, and Wolf-Rayet stars, it was inferred
from their mere presence that mass loss occurs
from dwarf novae and nova-like stars. Several
authors (Krautter et al, 1981b; Cordova and
Mason, 1982; Greenstein and Oke, 1982; Klare
et al, 1982) tried to derive mass-loss rates for
cataclysmic systems from comparing synthetic
P Cygni profiles for O-stars by Olson (1978)
or Castor and Lamers (1979) with the observed
profiles. They arrived at some computed
values, but most of their computed profiles can
hardly be matched by any of the observed ones,
and also, as pointed out by Drew and Verbunt
(1984; 1985), it is by no means obvious that
their inherent assumption that the physics
underlying mass outflow from hot single stars
is basically identical to that working in

cataclysmic variables applies. In other words,
is the geometry of stars and discs different
enough to be likely to have effect on observable
line profiles? Drew and Verbunt attempted to
gain more insight into the problem of mass loss
from cataclysmic variables by actual modeling
of line profiles and comparing them with obser-
vations (Drew and Verbunt, 1984; 1985; Drew,
1986; 1987). Their findings are reported in what
follows.

They start by investigating the properties of
a wind which is driven away from the vicinity
of the white dwarf. Such a wind cannot be
driven thermally by conditions in the inner disc
or boundary layer, since temperatures of
around 10 K would be required to produce a
wind in that way.* Such temperatures could
not, however, drop down sufficiently on rele-
vant time-scales to account for the observed
ionization states. Consequently, the authors
assume that the wind is probably driven by
radiation pressure due to radiation from the
boundary layer, i.e., by conversion of (E)UV
photons into kinetic energy of the ions, which
requires a much lower temperature in the vicini-
ty of the white dwarf.

Assuming that the wind is radiatively driven,
and assuming that the ions were to escape from
near the surface of the white dwarf to infinity
— which requires an escape velocity of order
5000 km/sec, a velocity of the order observed
in the blue-shifted absorptions of the UV
resonance lines — an estimate of the mass-loss
rate from the system can be obtained:

= L, (4.19)

where Mw is the mass loss rate, M is the mass
accretion rate, v and v_ are the escape

*In the boundary layer of a non-rotating white dwarf, a
considerable amount of energy, equal to the luminosity of
the entire disc, could be released in principle but there is
no evidence for 10® K temperatures there — see Chapter
4.B.2.
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Figure 4-49a. P Cygni profiles from winds above ac-
cretion discs. (a) profiles for various mass-loss rates
Sfor an underlying stellar source (a and b) and an ex-
tended disc source (c and dj; models in a and ¢ were
computed assuming coherent scattering in the lines,
models b and d with collisional excitation (Drew,
1986).
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Figure 4-49b. P Cygni profiles in discs for different
mass loss rates and wind accelerations: profiles
shown in panel a result from acceleration closer to
the white dwarf than those shown in panel b (Drew,
1986).

velocity and the terminal velocity in the wind,
respectively, and ¢ denotes the speed of light.
This result implies that the mass-loss rate
should not amount to more than a few percent
of the mass accretion rate.
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Figure 4-49c. P Cygni profiles in discs for various
angles of inclination of the system for a} an essen-
tially optically thin and b) more opaque line form-
ing regions (Drew, 1987).

Based on these findings and considerations
of the physical structure of winds in cataclysmic
variables, Drew (1986; 1987) carried out a
systematic investigation of theoretically ex-
pected resonance line profiles (C IV). She



assumed an optically thick, geometrically thin
accretion disc in which the temperature is
assumed to decrease with increasing distance
from the white dwarf, according to equation
4.2 — i.e., no hot boundary layer is required
for the production of these profiles. In this case
the wind originates preferably from the disc
center and/or boundary layer. The outflow was
assumed to be spherically symmetric, unless
mentioned otherwise below. Computations
were carried out in the Sobolev approximation,
which as Drew points out, will yield results
which may not be accurate in detail, but will
show gross properties in a reliable way.

As shown in Figure 4-49, there is a very
marked difference in P Cygni profiles
originating from single stars and from extended
discs, respectively. Due to the much larger ex-
tension of the geometrical size of the continuum
source, a mass loss rate higher by an order of
magnitude is needed in cataclysmic variables in
order to produce any observable effect in the
line profiles. The shapes of both the absorp-
tion and the emission components in P Cygni
profiles originating from discs look totally dif-
ferent from those of stars: the emission com-
ponent is much shallower and the absorption
component much weaker than for a com-
parable situation in stars. One consequence of
this is that, somewhat dependent on the radial
velocity law in the wind, conditions could ex-
ist under which the absorption minimum does
not reach below half of the continuum inten-
sity even in totally optically thick lines. It is in
accordance with the observations that the ab-
sorption minimum lies close to the central
wavelength in the case of a disc, whereas it can
be blue-shifted by a considerable amount in the
case of stars. Furthermore, the amount of scat-
tering in the winds from discs is found to be
fairly unimportant for the appearance of the
line profiles, much unlike the case in stars,
where it is very important. The effect of the
radial velocity of the wind on the line profiles
is demonstrated in Figure 4-49b, which shows
that at high M slow wind acceleration causes
the absorption to develop a sharper, deeper

minimum, while the emission is strongly
enhanced. Comparison with observations thus
leads to the conclusion that acceleration in discs
is likely to occur much more slowly than in
single stars. The dependence of the profile on
the inclination angle is considerable (Figure
4-49c¢), as expected from observations where,
as pointed out above, P Cygni profiles are seen
only in systems where the inclinations are not
too high; for a small angle in the computations,
when the disc is seen more or less face-on, on-
ly blue-shifted absorption components can be
seen, and only for discs which are seen almost
edge-on (i.e., at inclination angles which most
likely would produce eclipses of the continuous
radiation) does the emission become very
strong. If some limb-darkening of the disc con-
tinuum is assumed (the exact characteristics of
which are unknown), or when a bi-polar wind
outflow is assumed rather than a spherically
symmetric one, the absorption disappears com-
pletely for high inclinations, while the profiles
for low inclinations are hardly affected.
Mauche and Raymond (1987) arrive at very
similar results from similar investigations.

In conclusion, of greatest importance for
determining the actual shape of the resulting
line profile according to these calculations are
the mass loss rate, the velocity profile of the
wind, and the temperature and the temperature
profile of the accretion disc.

4.IV.E. ECLIPSE MAPPING

RELEVANT OBSERVATIONS: Photometric
eclipses observed in dwarf novae and nova-like stars
contain a lot of information about which parts of
the system are being eclipsed.

see 35, 96, 103

ABSTRACT: The surface brightness and
temperature distribution of the accretion discs can
be reconstructed from eclipse observations by means
of image processing techniques. The results agree
well with the concepts of the Roche model.
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When trying to compute the spectra of ac-
cretion discs, the most serious problem en-
countered is that the temperature distribution
in the disc is in general not known. However,
a useful method for the empirical determina-
tion of the surface-brightness distribution in ac-
cretion discs has been developed by Horne
(1985). He applies methods of image-processing
to light curves of eclipsing cataclysmic
variables. The general idea is that an eclipse
light curve is determined by, and thus contains
information on, the brightness distribution in
the accretion disc. Being a one-dimensional set
of data, it does not contain all the information
of an essentially two-dimensional object, but,
provided some additional information is given
about the system investigated, the range of

210

c)

S¥' MO OO DWART NOVA £CLIPSE LIGHT TURLE

P U —

Ey T T T =

MU JANSK TS

10

Figure 4-50. Test images for the eclipse mapping
method: f(a) input image is a steady state black body
accretion disc with a hot spot; (b) the reconstructed
image; (c) the synthetic eclipse light curve used for
the reconstruction, (d) the reconstructed brightness
temperature distribution (dots) as compared with the

.input distribution (solid line); the hot spot appears

as peak in temperature at the other disc radius
(Horne, 1985).

possible solutions and parameters can be nar-
rowed considerably. The assumptions made are
that the eclipse is one of an axi-symmetric two-
dimensional object and that a default image en-
sures an optimum reconstruction of the radial
brightness distribution on the expense of
azimuthal information (i.e., the hot spot will
cause a bright ring at the outer radius of the
reconstructed image, and it will appear as a hot
peak in the derived radial temperature law —
see Figure 4-50b, d). Out of the several solu-
tions still possible for image deconvolution,
that image is chosen which maximizes the en-
tropy for each element (Horne, 1985, equation
5). The data shown in Figure 4-50 demonstrate
that the reconstruction (Figure 4-50b) of the in-
put disc image (Figure 4-50a) from the ‘‘ob-
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Figure 4-51. Surface brightness and radial
temperature distributions of Z Cha in outburst (a,
b} and quiescence (c, dj, reconstructed by using the
eclipse mapping method (Horne and Cook, 1985;
Wood et al, 1986).

served’’ light curve (Figure 4-50c¢) is convinc-
ing. One other input into this test image was
a radial temperature law as it is assumed to hold
for stationary accretion discs, T(r) ~ r~ %4,
which is reconstructed with 20% accuracy
(Figure 4-50d). In terms of mass transfer rates
for stationary accretion discs this translates into
an accuracy of within a factor of two.

Possible applications of this method are ob-
vious for the derivation of any radial
temperature profile — thus also allowing for
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the localization of geometrical origin of the
various line radiations, for the distinction be-
tween optically thick and optically thin disc
areas from the analysis of light curves obtained
in different colors, for tracing the development
of the disc through the outburst cycle, and, as
already mentioned, for the determination of the
mass transfer rates, and finally of distances.

Some of these possibilities have not been ex-
ploited yet, but this eclipse mapping method
has been applied to two objects already, to
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UBYV observations of the dwarf nova Z Cha
during outburst (Horne and Cook, 1985) and
in white light during quiescence (Wood et al,
1986), and to the nova-like system RW Tri. The
reconstructed images and radial temperature
profiles of Z Cha are shown in Figure 4-51.
From these it is clear that during outburst the
radial temperature distribution agrees with that
of a stationary accretion disc, while this is not
at all the case during quiescence. Furthermore,
all the disc is probably optically thick during
the bright state, while in the low state the in-
ner disc is probably optically thin (no conclusive
results can be obtained from measurements in
merely white light) and the outer disc is optical-
ly thick, having a much higher mass transfer
rate than the inner disc. Both results are in
agreement with the concept that during
quiescence matter is accreted only in the outer
disc, while it is accreted onto the white dwarf
during outburst. Inferred mass transfer rates
are 10%°*%3 M _/yr during the observed out-
burst, and somewhere between 1072} and
10719% M _/yr for the outer parts of the
quiescent disc, down to some 107"'"" M _/yr at
disc center. During the quiescent state the disc
temperature increases only very slowly from
some 4000 K at the outer rim to some 7000 K
in the center; during outburst it ranges from
some 7000 K at the outer edge to some 35000
K in the center (it should be kept in mind here
that optical colors are quite insensitive to UV
flux, so that the temperature of 35000 K should
be regarded as somewhat approximate). The
radial colors for the disc in outburst all fall be-
tween the theoretical lines for black bodies and
for main sequence stars for the hot central parts
of the disc (r 2 0.3 of the radius of the Roche
lobe), indicating that the vertical temperature
gradient in the disc is flatter than that of main
sequence stars. Finally, a distance of 105 + 20
pc is derived from the angular diameter of the
disc, assuming a radial velocity amplitude of
the red companion star of 400 km/sec.

A similar analysis was carried out for U, B,
R observations of RW Tri (Horne and Stien-
ing, 1985). This disc is obviously optically
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thick*, and it follows roughly a radial
temperature dependence as expected for a sta-
tionary disc. The temperature ranges from
10000 K to 40000 K, and a mass transfer rate
of M = 1077904 M_/yr and a distance of
some 500 pc are derived.

4.1V.F. THE BOUNDARY LAYER

RELEVANT OBSERVATIONS: Hard and soft X-
ray radiation which cannot be ascribed to the accre-
tion disc is observed from many dwarf novae and
nova-like stars.

see 60, 69

ABSTRACT: A boundary layer between the disc
and the white dwarf is assumed to form where the
Keplerian rotating disc material is braked down to
the rotational velocity of the white dwarf in order
to be accreted. The detailed structure of this layer
is not yet clear.

A final weak point in current spectrum com-
putations is that only very little is known about
the physical structure of the radiation emitted
from the boundary layer. The current state of
knowledge is summarized in this section. For
other recent reviews see e.g., Shaviv (1987) and
Stanley and Papaloizou (1987).

Material in the accretion discs of cataclysmic
variables is assumed to circulate with Keplerian
velocity at any distance from the white dwarf.
The white dwarfs, on the other hand, are not
likely to rotate at the Keplerian velocity cor-
responding to their surface (which would mean
just short of brake-up). So, at the boundary
where the inner disc meets the surface of the
star, a velocity gradient is likely to be present.
By some mechanism the excess kinetic energy
of the disc material has to be converted into
some other form of energy so that at least a
significant fraction of this material can even-
tually settle onto the surface of the white dwarf.
This region is referred to as the boundary layer.

*
This combination of colors permits a clear distinction to
be made between optically thick and optically thin areas.



The amount of energy liberated depends on the
velocity gradient. An upper limit can be obtain-
ed from assuming a non-rotating star in which
case no boundary layer would be formed. In
general the luminosity of the boundary layer is

G M, M
Ly $ e, (4.20)
R
WD

where all the symbols have their usual mean-
ing; i.e., once again about as much energy as
that radiated away by the entire disc can be
liberated in the boundary layer, an energy of
the order of 10® erg/sec. Given the small
geometrical size of the boundary layer,* it is
the probable place of origin of the observed X-ray
radiation from cataclysmic variables. While
other places of origin have been suggested, like
the coronae of the secondary stars or the hot
spot, these other sites lead to severe theoretical
problems concerning the amounts of energy
liberated (Patterson and Raymond, 1985a); thus
the boundary layer seems the most likely site.
Observations indicate that during the quiescent
state the hard X-ray flux obtained from dwarf
novae can be as high as the optical plus the UV
flux from the disc, while no soft X-ray flux can
be seen. During outburst the hard X-ray flux
increases only slightly, if at all, while the soft
X-ray radiation increases by one to two orders
of magnitude (Chapter 2.111.A.2). The sample
of observations in the latter case is not really
statistically significant (three objects: U Gem,
SS Cyg, VW Hyi), but negative observations
of other sources do not contradict a generaliza-
tion of this kind.

Theoretically, the physical structure and
luminosity of the boundary layer are not yet
known reliably. For making estimates, it is
almost always assumed that the white dwarf is
non-rotating (consistent with high observed X-
ray luminosities), in which case hard X-rays are
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Whatever the assumptions or computations are, it can-
not be considerably larger than the dimensions of the white
dwarf.

likely to be due to an optically thin boundary
layer which has to heat up considerably in order
to radiate away all of the energy produced. Soft
X-rays occurring at high accretion rates, on the
other hand, are attributed to optically thick
boundary layers where the radiation is ther-
malized before being able to escape the system
(Pringle, 1977; Pringle and Savonije, 1979;
Tylenda, 1981b; Frank et al, 1985; Patterson
and Raymond, 1985a; 1985b). Energy is as-
sumed to be liberated either by very efficient
viscous interaction (Tylenda, 1981b) or by
shocks, as the fast-rotating material approaches
the surface of the white dwarf (Pringle, 1977;
Pringle and Savonije, 1979). One problem with
this latter approach is the necessity to produce
radial shocks in a basically azimuthally mov-
ing material, where shear flows and consequent
turbulence reduce the efficiency of the shocks
(Frank et al, 1985). King and co-workers (King
and Shaviv, 1984; Frank et al, 1985) propose
that during quiescence, when the turbulence is
expected to occur, the boundary layer heats the
gas to temperatures up to 10® K and also
causes it to expand out of the boundary layer,
thus forming a hard X-ray emitting corona
around the central object. At high accretion
rates — a value typically considered, in agree-
ment with the observations, is M > 10'® g/sec
— the expansion is suppressed, thus reducing
the hard X-ray flux and at the same time in-
creasing the soft X-ray radiation. Elaborating
on an idea suggested by Icke (1976) that shocks
created by turbulent activity in the disc form
a corona above the accretion disc, Jensen et al
(1983) suggest that a dynamo coupling differen-
tial rotation and convection generates a
magnetic field, which leads to the formation of
a hard X-ray emitting corona, in analogy to
models suggested for the formation of the solar
corona. By this concept the authors are able to
explain qualitatively the observed relation be-
tween oscillations seen in hard X-rays and in
optical wavelengths in particular. Such a cor-
ona could also be responsible, at least partly,
for the UV resonance lines observed in emis-
sion in most quiescent dwarf novae; it cannot
be responsible, however, for the P Cygni pro-
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files seen during outburst, since then the ob-
served X-ray radiation is softer. Any of the
scenarios proposed above can be reconciled
with the tentatively established relationship be-
tween the angle of inclination and the obser-
vable X-ray flux (Patterson and Raymond,
1985a) which suggests an obscuration of the
source of hard X-rays, thus implying that the
emitting region must be confined to an area
fairly close to the white dwarf.

How much radiation in X-ray energies is to
be expected from cataclysmic variables is sub-
ject to a wealth of assumptions and hypotheses.
A so-called ““mystery of the missing boundary
layer’’ has been mentioned a couple of times
in the literature (Ferland et al, 1982a; Burkert
and Hensler, 1985; Kallman and Jensen, 1985).
What is meant by this term is that the observed
soft X-ray flux from many cataclysmic vari-
ables is lower by a factor of 10 to 100 than what
has been predicted from theoretical considera-
tions. A careful examination reveals that all the
quoted estimates of expected X-ray flux are up-
per limits based on the assumptions of a non-
rotating white dwarf plus a couple of other
somewhat arbitrarily chosen parameters which
will be considered below. The ‘“‘mystery’’ seems
to consist of still questionable assumptions, not
paradoxical results. The amount of observable
radiation depends on: the geometrical size of
the boundary layer, which is normally assumed
to be small, on the order of the thickness of the
disc near the white dwarf, the rotational veloc-
ity of the white dwarf, which gives a range to
the flux of anything between zero and the flux
of the entire disc; the mass and thus the radius
of the white dwarf which can make a difference
of up to one order of magnitude in the
predicted flux; the mass accretion rate, which
is not known at all for quiescent dwarf novae
in particular, only that it clearly is different
from the mass transfer rate from the secondary
star, and the distance of the object from the
observer, which usually also only is known
within fairly wide limits.

Considering that observations, in particular
of X-rays, are only carried out in certain energy

214

bands and do not cover the entire spectrum, the
wavelength dependence of the emitted spectrum
also has to be considered when discussing ex-
pected fluxes. Qualitative considerations clearly
seem to support the view that a) the boundary
layer is the origin of the observed X-rays, b)
the boundary layer is optically thin for low ac-
cretion rates, i.e., for quiescent dwarf novae,
and c) it becomes optically thick for high ac-
cretion rates (Patterson and Raymond, 1985a;
1985b). In no case, however, have self-
consistent computations of the physical struc-
ture of the boundary layer been carried out
predicting any spectrum. Program codes for
two-dimensional hydrodynamic boundary layer
computations are being developed by Robert-
son and Frank (1986), Kley and Hensler (1986),
and Kley (1989). The first results from these do
not contradict the qualitative concepts reported
above, but they do indicate that the boundary
layer seems to be much more extended and ex-
pansive than assumed so far. Papaloizou and
Stanley (1986) carried out computations of the
temporal development of the boundary layer
and found that quasi-periodic oscillations can
originate due to small-scale viscosity in-
stabilities in there — as observed occasionally
in nova-like stars and in dwarf novae during
outburst (Chapters 2.11.D.2, I111.D).

4.V. THE EVOLUTIONARY STATE OF
CATACLYSMIC VARIABLES*

4.Y.A. SPACE DISTRIBUTION AND
SELECTION EFFECTS

ABSTRACT: Various determinations of the space
densities of sub-classes of cataclysmic variables de-
pend critically on assumptions about outburst time
scales (for novae and recurrent novae} and about
observational selection effects.

In order to understand the context of
cataclysmic variables in the evolutionary big
picture of all stars, it is of great importance to

*Cataclysmic variables in this section are restricted to novae,
nova-like stars, dwarf novae, and possibly recurrent novae;
symbiotic stars are not included in the discussion.
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Figure 4-52. Galactic space distributions of (a) dwarf
novae, (b) novae, and (c) symbiotic stars (Duerbeck,
1984).

THE SPACE DENSITY ( x 1077 pc™3) oF CATACLYSMIC VARIABLES

Class This Work Previous Reference
Dwarf novae .......... 24 3 Patterson 1984
4 Warner 1974
Novalike............... 1.5 5 Warner 1974
(confirmed only)
Novalike............... 44
(with candidates)
Novae ................. 14 4 Patterson 1984

13 Duerbeck 1984
1000 Bath and Shaviv 1978
1 Warner 1974

Table 4-2. Determinations of space densities of
cataclysmic variables (Downes, 1986).

know the space distribution and space density
of these objects. Whatever the evolutionary
model for cataclysmic variables, their space
density and distribution must be compatible
with those of supposed progenitors and
descendants.

Several attempts have been undertaken to
derive the space density of cataclysmic variables
(e.g., Kraft, 1965, Warner, 1974b; Bath and
Shaviv, 1978; Duerbeck, 1984; Patterson, 1984;
Downes, 1986; Ritter and Burkert, 1986) with
different results, depending on what assump-
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tions were made about the absolute magnitudes
of cataclysmic variables and about the com-
pleteness of observed samples. An extensive in-
vestigation of the space distribution of different
sorts of cataclysmic variables and possible pro-
genitors has been carried out by Duerbeck
(1984). Some of the resulting distributions are
displayed in Figure 4-52. One of the conclusions
from this study is that novae, dwarf novae, and
possibly supernovae of type I have very similar
galactic distributions, which in turn are fairly
similar to those of W Ursae Majoris stars and
Algol systems. Recurrent novae and symbiotic
stars have similar galactic distributions, but
these are distinctly different from the former
ones. Thus there is support for the view that
either W Ursae Majoris stars or Algol systems,
or both, might be progenitors of most
cataclysmic variables on the basis of their space
densities; however, since the angular momen-
tum of W Ursae Majoris stars is too small for
the formation of a white dwarf, they can be
discarded (Ritter, 1976). Space distributions of
dwarf novae are consistent with the hypothesis
that they might develop into type I supernovae
(see also Chapter 4.V.E).

The shape of the galactic distribution of
dwarf novae and novae (see also Figure 1-1)
points at their being population I objects. Some
novae (T Sco, N Oph 1938) and possibly some
dwarf novae are members of globular clusters,
however, so they are population II objects
(Webbink, 1980).

According to Duerbeck’s study, novae and
dwarf novae seem to have almost equal space
distributions, but dwarf novae are some 10
times as abundant as novae. On the other hand,
Bath and Shaviv (1978) determined the space
density of dwarf novae to be 200 times less than
that of classical novae; Patterson (1984) derived
the density of dwarf novae and nova-like stars
together (without AM Herculis stars) to be
about as high as that of novae; Warner (1974b)
derived about equal densities for both novae
and dwarf novae; and Downes (1986) arrived
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at approximately the same distributions for
novae, dwarf novae, and nova-like stars from
a survey of UV-excess objects! (Table 4-2). The
point of disagreement is the completeness of the
observed sample. On one hand this is a reflec-
tion of the problem of accurate distance deter-
mination (see Chapter 4.11.C.2), which,
however, for statistical purposes is probably not
too severe in the case of dwarf novae, since all
those which are observable are relatively close
by. A much more important question is the
assumed outburst period of classical novae
about which nothing is known at all.

For dwarf novae and nova-like stars alone,
Ritter and co-workers (Ritter, 1986a; Ritter and
Burkert, 1986; Ritter and ()zkan, 1986) in-
vestigated the influence of various system
parameters on the observable, magnitude-
limited, sample. They found that the selection
is rather insensitive to assumptions about the
assumed galactic distribution function and the
interstellar absorption, as well as to the
bolometric correction. By far the strongest
selection effect was due to the mass-radius rela-
tion of white dwarfs, according to which the
star’s radius decreases considerably with in-
creasing mass, yielding a larger gravitational
potential and thus a brighter disc. The conse-
quence is a strong statistical overrepresentation
of the brighter systems containing massive
white dwarfs. Finally they found that, since dif-
ferent effects act in different ways on the
system’s brightness, selection effects become
less severe as the limiting apparent brightness
decreases. Owing to these selection effects, they
concluded that only a very minor fraction,
about 1 out of 200, of the existing cataclysmic
variables are actually observed.

4.V.B. THE WHITE DWARFS

White dwarfs in cataclysmic variables seem to have
statistically higher masses than single white dwarfs.
This difference can be fully accounted for by selec-
tion effects.



The determination of the masses of the two
stellar components in a cataclysmic system is
very difficult and not particularly reliable
(Chapter 4.11.C.1). In particular, there are only
two relatively highly reliable determinations for
the masses of the white dwarfs, based on the

analysis of double-lined spectroscopic eclipsing
systems: EM Cyg and U Gem. The masses ob-
tained are 0.57 + 0.08 M_ for EM Cyg
(Stover et al, 1981) and 1.18 + 0.15 M for
U Gem (Stover, 1981a). Less reliable masses
have been obtained for several other
cataclysmic systems (Ritter, 1987). With the
necessary caution, however, this sample may
be regarded as statistically representative of the
white dwarf masses in cataclysmic variable
systems. For the mass distribution of the white
dwarfs in sub-classes of cataclysmic variables,
see Figure 1-5. There is no evidence for any
striking systematic difference in the masses of
different sub-classes of cataclysmic variables.
The mean white dwarf mass in cataclysmic
variables is 0.90 + 0.06 Mo, whereas that of
single white dwarfs is only 0.62 + 0.08 M
(Ritter, 1987). Even if the masses derived for
white dwarfs in cataclysmic variables are not
very reliable, it seems fairly unlikely that such
a severe distortion can be due to poor data, par-
ticularly since the two reliable values, for EM
Cyg and U Gem, fit into the general pattern.

The white dwarfs in cataclysmic variables, as
white dwarfs in general, are believed to be
formed from red giants or supergiants which
are eventually stripped off their envelopes as
will be discussed later. The white dwarf is sim-
ply the He or CO core of the evolved star. Since
the core mass keeps increasing as long as the
star still possesses its shell, the mass of the re-
maining white dwarf depends on the time when
the surrounding shell is lost. Thus, in the
geometrically constrained case of the evolution
taking place within the Roche lobe, statistical-
ly, the masses of the white dwarfs in
cataclysmic variables are expected to be even
smaller than those of single white dwarfs, since
the shell was lost when it exceeded the Roche

limit, no matter how little advanced the giant’s
evolution was at that stage.

Another possible explanation for this large
discrepancy is to assume that it is in the nature
of cataclysmic variables, or rather their pro-
genitors, that they are formed preferentially
with massive white dwarfs. Computations have
been carried out by, e.g., Law and Ritter (1983;
see also Ritter, 1983) and Livio and Soker
(1984a) in order to investigate this question.
Both these computations must be seen in the
context of the general concept of binary evolu-
tion leading to the formation of cataclysmic
variables which will be discussed in a later
Chapter 4.V.E. Here only the basics, relevant
to the present question, will be outlined. Law
and Ritter suggest that white dwarfs in close
binaries cannot only be formed through what
they call case B,* leading to low-mass white
dwarfs, and case C,* leading to massive white
dwarfs, events but also through what they call
case BB. In their case B mass transfer event and
common envelope evolution, the primary of an
initially wide binary system loses the binary
period and thus the size of the Roche lobe has
decreased considerably. If conditions are then
right, i.e., if the mass of the helium star is not
too high M, <34 M, asa larger mass
would eventually lead to a supernova explosion)
and the Roche lobe is not too large, a case B
mass transfer event may occur, leaving a white
dwarf near the Chandrasekhar limit of 1.4
MO. However, estimates of the abundances of
possible progenitors for this sort of white dwarf
leads to the conclusion that, while they prob-
ably do exist, their probability of occurrence
is much too small to provide an explanation for
the observed discrepancies in the mass spectra
of white dwarfs.

*Catastrophic mass transfer in a binary system is referred
to as case B when it sets in before, and is referred to as
case C when it sets in after, core helium burning in the more
massive component.
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Livio and Soker (1984a) investigate the ques-
tion whether details of the common envelope
phase of binary evolution favor massive white
dwarfs in some way. They show that the two
stellar components are much more likely to sur-
vive the spiralling-in process during common
envelope evolution if the envelope is a relatively
less dense supergiant envelope — and thus the
core is a massive white dwarf — rather than a
denser giant envelope. However, Ritter and
Burkert (1986) hold against this hypothesis
observations of detached post-common-
envelope systems whose mean white dwarf mass
(0.62 = 0.08 M ) is not any higher than that
of single white dwarfs.

Another possibility that has been suggested
is that the mass of the white dwarf might grow
secularly due to continued accretion of material
from the disc. Ritter (1985; see also Ritter and
Burkert, 1986) discusses this possibility in more
detail. He rejects it with two arguments: first,
a much larger number of type I supernovae
would be expected if the accumulation of a
significant amount of mass were possible
whenever the Chandrasekhar limit for the white
dwarf mass was exceeded (see also Nomoto and
Sugimoto, 1977); second, analysis of nova
ejecta* suggests that the white dwarf loses mass
during the course of a nova outburst.

Yet another possibility to explain the two dif-
ferent mass spectra of the white dwarfs is the
action of selection effects on the observed sam-
ple. This aspect has been dealt with by Livio
and Soker (1984b) and Ritter and co-workers
(Ritter 1986a; Ritter and Burkert, 1986; Ritter
and ()zkan, 1986). Livio and Soker estimate
that there are 6.86 10° more outbursts for a
1.3 M white dwarf than for a 0.6 M white
dwarf with otherwise identical conditions. Con-
sidering this theoretical dependence of outburst

*Nova ejects are overabundant in CNO by up to a factor
of 100 compared with the solar composition, while the mat-
ter transferred onto the disc from the secondary star can
reasonably be assumed to have solar abundance.
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time-scales of novae on the white dwarf masses
(on which no observational data are available)
they conclude that these relatively frequent out-
bursts in novae containing a massive white
dwarf could account for the excess average
mass in novae. A little discouraging in this
respect are the derived masses of novae which,
while mostly higher than the average of 0.6
MO for single white dwarfs, are somewhat at
the lower end of the distribution in cataclysmic
variables (see Figure 2-3a).

A selection effect favoring dwarf novae with
high-mass white dwarfs is the mass-radius rela-
tion for white dwarfs according to which, as
the material a white dwarf consists of is
degenerate, the radius shrinks considerably as
the mass increases, thus making the respective
accretion discs much brighter due to the higher
gravitational potential in the hot inner disc. Rit-
ter and co-workers (see above) carried out ex-
tensive computations in order to find out the
strength of this selection effect, and found that
this mass-radius relation for white dwarfs can
fully account for the observed mass spectrum
of white dwarfs in cataclysmic variables as com-
pared to that of single white dwarfs. Ritter
(1986b) investigated a sample of pre-
cataclysmic objects which is probably not
strongly biased observationally and found that
the mean white dwarf mass for these systems
is 0.6 + 0.08 M, in perfect agreement with
the results for single white dwarfs.*

*One cautioning remark about white dwarf masses in
cataclysmic variables should be added. A lot of the
discrepancy between single white dwarf masses and those
of white dwarfs in cataclysmic variables seems to be due
to difficulties in deriving the masses from observations, akin
to the problem of determining the radial velocity curve (see
Chapter 4.11.C.1). When masses given in the catalogues by
Ritter from 1984 and 1987 are compared, the average has
shifted down from 1.04 + 0.3 MO (1984) t0 0.90 + 0.06
M (1987), largely as a result of a redetermination of
white dwarf masses using more elaborate techniques.



4.V.C. THE SECONDARY STARS

RELEVANT OBSERVATIONS: The secondary
components are seen in the optical range in systems
with orbital periods in excess of some 6 hours; often
they are also seen in shorter period systems at in-
Srared wavelengths.

see 78

ABSTRACT: Observationally, the secondary stars
cannot be distinguished from main sequence stars.
On theoretical grounds, they must originally have
been considerably more massive, but lost most of
their mass during the common envelope phase and
later evolution. After the common envelope phase
the stars are drawn together by magnetic braking of
the secondary component until this star comes into
contact with its Roche lobe. Thereafter, mass
transfer is driven primarily by magnetic braking
above the period gap, and by gravitational radiation
below it. Black dwarf secondaries are expected to
exist below the period gap but have not been detected
so far; selection effects can account for this.

As in the case of white dwarfs, masses of the
secondary stars can only be determined reliably
for the two eclipsing double-lined spectroscopic
binaries, U Gem and EM Cyg (numerical values
for these and other systems are given in Chapter
4.11.C.1). Furthermore, in all those systems
which have a known orbital period, the radius
of the secondary can be derived from the
assumption that the star just fills its critical
Roche volume. In this case the mass and the
radius of the star are linked only by an almost
constant factor the value of which depends
mainly on the orbital period and only very
weakly on the mass ratio (Faulkner et al, 1972;
Patterson, 1984). Furthermore, the spectral
types of the secondary stars are known for a
couple of systems. The assumption that the
radius and spectral type of the secondary ought
to correspond to each other puts further limits
on the possible mass of the companion star.
Finally, dynamical stability of the system re-
quires that the mass of the secondary star must
not exceed significantly that of the white dwarf
(although at least the case of EM Cyg, with q
= 0.77, demonstrates that nature is not quite

as restrictive as our theories). From this con-
straint it immediately follows — and is obser-
vationally confirmed — that the secondaries in
systems with P ., 2 10 h must be evolved
stars.

Ritter (1983b; 1985; 1986a) derived physical
parameters for 13 secondary components using
just the above criteria, in order to test the fre-
quently made assumption that the secondary
stars in cataclysmic variables are main sequence
stars. He compares these results with theoretical
and observed (from detached visual and spec-
troscopic main sequence binaries) mass-radius
relations, as well as with the spectral types and
mean densities of main sequence stars (Figure
4-53). From these investigations it becomes ap-
parent that, observationally, the secondaries in
cataclysmic variables with orbital periods
smaller than about 10 hours are very close to
the main sequence and may not even be
distinguishable from main sequence stars,
which in turn implies that they are essentially
unevolved. As Ritter (1983b) stresses, it cannot
be concluded from this that they are zero-age-
main-sequence stars, a point which will be con-
sidered more closely in a moment, It might be
useful to emphasize, however, that for cata-
clysmic variables with orbital periods smaller
than 10 hours the assumption that the second-
aries look like main sequence stars provides an
easy, though not highly reliable, method to
obtain the masses of both stars. (See Chapter
4.11.B.1).

If the masses of the secondary stars, which
are typically smaller and may be much smaller
than 1 Mo, are taken at face value, it is not
likely that they have evolved significantly
during their lifetimes. On the other hand, the
progenitors of cataclysmic variables are not yet
known with certainty, so not much is known
about the initial mass of these stars. It probably
can be taken for granted from general evolu-
tionary theory that the mass of the primary star
was originally the larger one of the two, and
that it evolved faster than its companion and
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eventually became a white dwarf. If the secon-
dary star originally was only slightly less
massive than the white dwarf, it also should
have evolved significantly by the time the com-
mon envelope phase of the evolution was
initiated by the primary (see below). The mass
of the white dwarf primary after this stage has
to be less than the Chandrasekhar limit of 1.4
Mo, 50, if stability against mass transfer* is to
be attained, the secondary star also has to lose
a certain possibly large fraction of its initial
mass. If this happens after the star has had a
chance to evolve, the remaining secondary is
expected to exhibit decided traces of its evolu-
tion. The effect is expected to be the stronger
the closer to unity the initial mass ratio is. In
fact most secondaries, in particular those in
systems with orbital periods smaller than 10

*Mass loss from the secondary star results in a shrinking
of the star’s radius, rather than an expansion. The latter
would lead to an uncontrolled increase of mass transfer.
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Figure 4-53. Effective temperature vs. mean density
relation for secondaries in cataclysmic variables
(numbers 1-20; numbers 21-23 represent low-mass
X-ray binaries) together with several theoretical com-
putations of the zero-age main sequence (A-D) (Rit-
ter 1986¢). Observationally the stars i.e., approx-
imately on the main sequence.

hours, do not seem to be significantly evolved,
since, if they resembled normally evolved stars
they should be found above the main sequence,
and if they were the chemically homogeneous
cores of formerly fairly massive stars they
should lie below the main sequence (Ritter,
1983b). This situation can only be understood.
in terms of the typical critical mass ratios
having originally been larger than two, in which
case, theoretically, no significant trace of evolu-
tion is expected to be present in the remaining
secondary star.

The secondary star obviously loses mass con-
tinuously to the primary at a rate on the order
of 1078 to 107!" M_/yr (see Chapter
4.11.C.4). If the star has a comparatively large
mass, or the system a long orbital period, it
hardly is affected by this. As the star loses mass,
its radius shrinks due to magnetic braking or
gravitational radiation (Chapter 4.V.D), and
the Roche lobe shrinks as well, so the star loses



still more mass. Mass transfer continues
without dramatic consequences, since the ther-
mal time scale for the secondary to adjust to
mass loss is much smaller than the time-scale at
which gravitational radiation proceeds. If this
process continues for long enough, however,
eventually the star is driven out of thermal
equilibrium and becomes a degenerate black
dwarf. As will be discussed in the next section,
at the time when the star is out of thermal
equilibrium the system reaches a minimum or-
bital period, which at later stages of the evolu-
tion increases again as the secondary continues
losing mass.

Rappaport et al (1982) point out that close
to the minimum orbital period the secondaries
cannot be assumed to follow the mass-radius
relation of main-sequence stars any longer, but
they are expected to have systematically smaller
masses by eventually as much as 20%, after
they are driven out of thermal equilibrium. No
such effect is apparent in observations (Figure
4-53). However, this might be due to the still
relatively long orbital periods of the systems for
which the secondaries have been investigated.

For systems containing a degenerate black
dwarf secondary, i.e., systems which have
evolved through the minimum period, a secular
increase of the orbital period is predicted. Such
an increase has been observed in Z Cha (Cook
and Warner, 1981; for observations see
Chapters 2.11.B.5, 3.11.A, 3.11L.A, 3.IV.A, and
also Chapter 4.111.E). Faulkner and Ritter
(1982) investigate whether the assumption of a
black dwarf secondary is in agreement with
observational properties of Z Cha and find that
it is in clear contradiction: the predicted
amplitude of the radial velocity is smaller than
observed; the radii of both the accretion disc
and the white dwarf are smaller than observed
(Z Cha is a double-eclipsing system which
allows for fairly accurate determination of these
parameters); the mass transfer rate of 10~ "
M _/yr inferred from the system’s apparent

brightness, would bring it close enough to the
Sun for it to show a large parallax and a high
proper motion, neither of which are observed;
and, finally, although the sign of the observed
period change is what is to be expected in the
case of a black dwarf, the predicted period
change on a time-scale of some 10 years is in
strict contradiction to the value of 9.6 + 10°
years claimed by Warner and Cook. By
analogous arguments Faulkner and Ritter also
exclude the presence of black dwarf secondaries
in two other ultra-short-period systems, HT
Cas and OY Car.

Rappaport et al (1982) estimated that up to
20% of the ultra-short-period cataclysmic
variables (systems with orbital periods shorter
than 2 hours) could contain a black dwarf sec-
ondary. With such a high postulated percentage
it is surprising that not a single such system
could be found so far, although selection effects
may act strongly against them. When the sec-
ondary component is a normal undegenerate
main sequence star, the hot spot is eclipsed
during the eclipse of the white dwarf at very
high inclination angles, rendering the system
with a double eclipse. Since the time interval
between the two parts of a double eclipse
depends on the geometrical size of the second-
ary star, becoming larger as the secondary
becomes smaller, the two parts of the double
eclipse should occur with a much larger time
interval between them in the case of a black
dwarf secondary, or even be separated into two
independent eclipses, one immediately follow-
ing the other (unpublished computations on this
matter are reported in Ritter (1983a)). This
means that in principle one should be able to
identify black dwarf systems from observations
of eclipse light curves. Nevertheless, the ex-
pected fraction of double eclipsing systems is
very low, even among cataclysmic variables
with main sequence secondaries. It is even lower
by a factor of up to three in systems with a
black dwarf, since the probability of occurrence
of such an eclipse decreases with increasing
mass ratio between the primary and secondary
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star. Furthermore, it is the mass transfer rate
which determines the luminosity of an accre-
tion disc; just this, however, is lower by one
or two orders of magnitude from a degenerate
secondary than from a main sequence star,
which renders black dwarf systems intrinsically
a lot fainter than others. Taking all these ef-
fects into account, only between 0.1 and 3.0
percent of the observed systems in a magnitude-
limited sample are expected to contain a black
dwarf. Finally, it is possible that the outer disc
as well as the hot spot are optically thin, if the
low predicted accretion rates are correct. In this
case, even if the geometry were right for a
double eclipse, only the eclipse of the white
dwarf would appear in the light curve, and thus
the system would be indistinguishable from
other cataclysmic variables.

4.Y.D. THE PERIOD GAP, THE
MINIMUM PERIOD, AND THE
SECULAR EVOLUTION OF
CATACLYSMIC VARIABLES

RELEVANT OBSERVATIONS: In the distribu-
tion of orbital periods of cataclysmic variable
systems, the period gap between some two and three
hours and the minimum orbital period of about 80
minutes are outstanding features.

see 9

ABSTRACT: The upper end of the period gap is
understood to be due to the cessation of magnetic
braking which detaches the secondary star from its
Roche lobe so that mass overflow stops. Gravita-
tional radiation then brings the star and its Roche
lobe back into contact, by which time the period has
decreased to some 2 hours. The period keeps decreas-
ing due to gravitational radiation until, at the
minimum orbital period, the secondary mass has
decreased enough so the star cannot maintain nuclear
energy generation any longer. At this point, the star
rapidly becomes degenerate (a black dwarf) and with
further mass loss the orbital period increases.

Figures 1-2 and 2-2, featuring the distribu-

tion of orbital periods of cataclysmic variables,
reveal a couple of interesting properties of the
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systems. The orbital period is the physical prop-
erty of a cataclysmic system which, if
measurable at all, usually is by far the most ac-
curately known of all.

There are mavericks at both ends of the
distribution: at the short period end they are
the AM Canum Venaticorum stars. They all fail
to show any trace of hydrogen in their spectra,
and thus are assumed to be degenerate. They
will not be dealt with for the moment, but only
later in this section.

At the other end there is GK Per, a somewhat
peculiar old nova which, in its quiescent state
as a nova, exhibits brightness fluctuations
reminiscent of dwarf nova outburst behavior.
This system is dealt with in detail in Chapter
8. Since the secondary in this system certainly
is an evolved star, GK Per also will not be in-
cluded in the following discussion.

The bulk of cataclysmic variables have or-
bital periods shorter than 10 hours, and their
number rises appreciably toward shorter
periods. There is a very characteristic gap be-
tween about 2 hours 50 minutes (TU Men) and
2 hours 15 minutes (AR And) in which no ob-
ject has been found, although at both ends
many objects are known. There is also a very
sharp cut-off at about 1 hour 16 minutes (AF
Cam) below which only objects have been
found which do not possess any hydrogen.

The sharpness of the two cut-offs, the period
gap and its width, and the minimum orbital
period, suggest that they are of real physical
significance. Furthermore, the tendency for cer-
tain sub-types of cataclysmic variables to ap-
pear preferentially at one or another side of the
gap (see Chapters 1, 2.1.C) suggests an evolu-
tionary cause of the observed distribution*.

*No distinction will be made in the following discussion
between the different sub-types of cataclysmic variables.
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Figure 4-54. Dependence of the orbital period on the mass transfer rate in cataclysmic variables (Patterson, 1984).
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The most obvious agent of secular evolution
in cataclysmic variables is the mass loss from
the secondary star, which is bound to cause
secular changes in the orbital periods of these
systems. An extensive literature has been
published on computations and general
theoretical aspects of this issue (e.g., Faulkner,
1971; 1976; Taam et al, 1980; Paczynski, 1981;
Paczynski and Sienkiewicz, 1981; Verbunt and
Zwaan, 1981; D’Antona and Mazzitelli, 1982;
Rappaport et al, 1982; Joss and Rappaport,
1983; Paczynski and Sienkiewicz, 1983; Ritter,

Figure 4-55. Same observational data as in Figure
4-54, with superimposed theoretical relation (solid
lines), assuming magnetic braking plus gravitational
acceleration to be at work above the period gap and
only gravitational radiation below (Patterson, 1984).

1983b; Spruit and Ritter, 1983; Taam, 1983;
Patterson, 1984; Verbunt, 1984; Nelson et al,
1985). The main results shall be reviewed briefly
in the following.

For Roche-lobe overflow to occur, either the
secondary has to expand beyond its Roche lobe
or the Roche lobe has to shrink. Expansion of
the secondary can occur either through nuclear
evolution or through dynamical instabilities in
the star’s outer layers. For stars on the main

223



sequence, mass transfer rates due to nuclear
evolution are less than 102 M _/yr and are
thus smaller by at least an order of magnitude
than the mass transfer rates inferred from
observations (see Figure 4-54 and Patterson,
1948)*. Dynamical instabilities, on the other
hand, produce pulse-like events which might ex-
plain the outburst behavior of dwarf novae
(Chapter 4.111.C), but not the continuous mass
transfer at rates of 10~ to 108 M _/yr oc-
curring at quiescent state.

Thus, the more likely cause for Roche-lobe
overflow is shrinking of the volume available
to the secondary star, which also implies a
secular period decrease of the system. Simple
conservative mass transfer from the (lower
mass) secondary to the (higher mass) primary
as well as mass loss from the system both result
in a period increase, and thus a growth of the
secondary’s Roche lobe. The only known
mechanism to counteract the above tendency
for the period to increase, even leading to a
period decrease (i.e., shrinkage of the primary’s
Roche lobe), is loss of angular momentum from
the system (Patterson, 1984). Here again two
possible mechanisms are known: gravitational
radiation and magnetic braking.

The concept of gravitational radiation is
based on the field equations for gravitational
forces in general relativity which predict the
existence of gravitational waves and
corresponding energy loss from every object.
It was not clear for a long time whether this
radiation could be of any astrophysical impor-
tance; estimates for single star evolution sug-
gested that it was not. The situation is different
for stars whose geometrical size is determined
by factors external to the star itself, like the
Roche volume in close binary systems. In this

*For numerical values of mass transfer rates, possibilities
or their determination, and their reliability, see Chapter
4.11.C. In the context of this chapter it should be kept in
mind that the numerical values are not very accurate, but
they are not likely to be seriously in error either.
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case gravitational radiation can become impor-
tant enough to control the evolution of the
system.

Energy loss from a binary system depends on
the entire mass of the stars involved as well as
on the orbital period of the system (Faulkner,
1976). The time scale r for significant changes
in the system due to this form of energy loss
is on the order of

r = 3x 10 P¥3 | 4.21)

if the two masses are of roughly comparable
size. This means that the typical time scale for
changes due to gravitational radiation is shorter
than 10'° years for cataclysmic systems with
orbital periods smaller than 8 hours, it becomes
considerably shorter than this for very short
period systems, and eventually it becomes even
shorter than nuclear time scales (Faulkner,
1976). When the secondary’s Roche lobe
shrinks due to gravitational radiation, the star
must lose the excess mass which lies outside the
critical Roche surface, preferentially through
the zero-gravity point L,, which means into
the Roche lobe of the white dwarf. The
theoretically inferred mass-loss rate is of the
order of 107'%to 10~ "' M _/yr for low-mass
main sequence stars, and is nearly independent
of the orbital period (Rappaport et al, 1982; Pat-
terson, 1984; see also Faulkner, 1976). If this
value is compared with observationally inferred
mass-transfer rates, it is clear that for systems
with orbital periods in excess of 3 hours, i.e., for
systems above the period gap, this mechanism,
though probably present, is not strong enough
to explain the mass-transfer rates which are one
to two orders of magnitude higher. For systems
with periods below the gap on the other hand,
it provides just about the correct mass-loss rate
(see Figure 4-54).

Another mechanism which has been sug-
gested for causing a secular period decrease is
magnetic braking. This mechanism is at work
in cool main sequence stars (M < 1.5 M)
which possess a convective envelope and a
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Figure 4-56. Evolution of a cataclysmic variable into
and out of the period gap: (a) the relative angular
momentum loss drops as soon as magnetic braking
ceases fo be at work; (b) the mass transfer rate is high
above the gap, drops to zero in the gap as the secon-
dary becomes detached from the Roche surface, and
is resumed at a small rate below that when gravita-
tional radiation has brought the star into contact with
the Roche surface again; (c) corresponding changes
in the star’s radius (solid line), its equilibrium radius
(dashed lines, and the size of the Roche surface
(dash-dotted line) (Spruit, Ritter, 1983).

radiative core; due to solar-like activity these
stars lose considerable amounts of angular
momentum in their stellar winds which
decreases the stars’ rotational velocity. In a
close binary system, time scales of tidal forces
working to synchronize the rotation of the
secondary star are significantly shorter than any
other time scale of evolutionary significance;
and thus, in practice, the secondary always
rotates synchronously with the orbital motion
no matter how much angular momentum is car-

ried away by stellar wind. This in turn leads to
an increase of the stellar wind and drains even
more angular momentum from the system, thus
forcing the two stars closer together and the
Roche lobe of the secondary to shrink (Huang,
1966; Mestel, 1968; Eggleton, 1976; Verbunt
and Zwaan, 1981; Patterson, 1984; see also
Paczynski, 1985). To estimate mass-loss rates
to the primary’s Roche lobe from this scenario
is very difficult since the secondaries in
cataclysmic variables are rotating much faster
(at an almost constant velocity of some 130
km/sec for all systems according to Patterson
(1984)) than any known single stars of similar
spectral type due to forced synchronism.
Assuming that gravitational radiation plus
magnetic braking are at work above the period
gap and that only gravitational radiation is at
work below, sine these stars are fully convec-
tive, Patterson tries to derive mass transfer rates
and arrives at values well in agreement with the
observationally derived values (Figure 4-55).

A different approach has been undertaken
by Spruit and Ritter (1983). They point out that
just at the stage when the stars are assumed to
become fully convective, a strong decrease in
indicators of magnetic activity (Ca Il and H «
emission, and X-rays) is observed, pointing to
break down of the magnetic field — which also
is expected on theoretical grounds when the in-
terface between the radiative core and the con-
vective envelope no longer exists as the star
becomes fully convective at an orbital period
of about three hours. Since the star is signifi-
cantly out of thermal equilibrium due to former
excessive loss of angular momentum (see
above), it detaches from its Roche lobe and
shrinks until it reaches its equilibrium radius.
Even if no magnetic braking is acting any
longer, the Roche lobe keeps decreasing due to
gravitational radiation until, eventually, it again
meets the star’s surface (Figure 4-56). After
this, mass transfer starts again, proceeding at
the rate of some 10 '°to 107 "' M_ /yr due to
gravitational radiation. Choosing appropriate
parameters, Spruit and Ritter are able to
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Figure 4-57. Evolution of the secondary star below
the period gap under the influence of gravitational
radiation: (a) A minimum orbital period of the
system is reached as the star becomes degenerate
(Ritter, 1983 after Paczynski and Sienkiewicz, 1981).
The exact value of the minimum orbital period
depends on the total mass of the system (as indicated
in the figure); (b) for solar composition it always is
on the order of 80 minutes (Paczynski and
Sicnkiewicz, 1981); (c) when the chemical abundance
is changed, the minimum orbital period changes as
well (Sienkiewicz, 1985).

theoretically reproduce the observed period gap
of the right position and size. Furthermore, in
analogy to the Sun, it is assumed that
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magnetically active stars possess many star
spots which disappear together with the
magnetic activity; this alone can produce a gap
like the one observed, even if the star remains
in thermal equilibrium all the time.

Whichever of these above two scenarios is
applied to explain the period gap, results still
depend strongly on the assumed initial condi-
tions and parameter values, and clearly con-
siderable theoretical work remains to be done.

For systems below the period gap there is
theoretical agreement that mass transfer is
driven by gravitational radiation alone. The or-
bital period keeps decreasing as the secondary
loses ever more mass. When the star’s mass ap-
proaches some 0.1 M _, corresponding to an
orbital period of some 120 min, the thermal
time-scale becomes comparable to the time-
scale of gravitational radiation. The star can-
not adjust to the permanent mass loss any
longer and is driven out of thermal equilibrium.
This occurs when its radius becomes distinctly
larger than the radius of a main sequence star
having the same mass (see above). The con-
tinued mass loss causes the nuclear burning in
the core to be extinguished. Since there is no
longer any support by nuclear generated ther-
mal pressure against gravitation contracting the
star, the star cools off and collapses. As a con-
sequence it becomes degenerate (Rappaport et
al, 1982).

Both the period gap and the strong cut-off
at a minimum orbital period still need to be ex-
plained. In principle there are three possible
ways for producing a period gap: either, a)
for some reason systems are not formed in the
gap and also do not eventually evolve into it,
or b) they move through the gap very quickly
so the detection probability decreases strong-
ly, or ¢) for a while the system is a detached
binary, mass transfer stops, and thus they are
not recognizable as cataclysmic variables. Pat-
terson (1984) and Verbunt (1984) summarize
and discuss previous, unsuccessful, attempts to
explain the gap; these are not reviewed here.



Currently, two possible additional scenarios are
under consideration. The basic idea of one of
these concepts is (D’Antona and Mazzitelli,
1982; Joss and Rappaport, 1983) that, as the
secondary star loses matter and its internal
structure tries to adjust to the ever new condi-
tions (staying close to the main sequence, never-
theless), the convection zone penetrates deeper
and deeper into the star’s interior while the
star’s central temperature decreases. Since new
He 3 is mixed into the core from the outer,
chemically unconsumed layers of the star, the
energy production increases conspicuously just
as the star becomes fully convective at an or-
bital period of some three hours. The increased
energy production leads to a temporarily en-
hanced mass transfer, hence stronger mass loss
from the star and also a fall of its internal
temperature which in turn means nuclear
energy generation becomes less effective. The
system becomes detached, as nuclear energy
generation becomes too inefficient and the
stellar radius shrinks below the Roche radius.
Only when gravitational radiation has reduced
the Roche lobe strongly enough for it to reach
once more the surface of the secondary star
does mass transfer begin anew.

The orbital period of a binary system
depends to first order only on the radius and
thus on the mass of the secondary star. For a
non-degenerate star the radius shrinks as it loses
mass, whereas the situation is opposite in the
case of degenerate material. Due to this the
binary period reaches a minimum — the exact
value of which depends on the total mass of the
system and its chemical composition — just at
the time when the secondary star becomes
degenerate, after which it increases as the secon-
dary loses even more mass (Figure 4-57a). Pac-
zynski and Sienkiewicz (1981) and Sienkiewicz
(1985) investigated the theoretical value of the
minimum orbital period as a function of the
total mass of the system (M] + M,)as well as
of the chemical composition. They find that,
quite independent of the entire mass, the
minimum orbital period for hydrogen-rich
systems for which they assume X = 0.70,Y =

0.27, Z = 0.03 is 81 + 6 minutes (Figure
4-57b), while for hydrogen-poor systems with
mass fractions down to 0.01 the minimum
period can be as short as 40 minutes (Figure
4-57c¢). Thus the period of GP Com, 46.5
minutes, can be explained in this way, while the
periods of PG1346+ 182 (24.8 min) and AM
CVn (17.5 min, but somewhat questionable) re-
quire another, as yet unknown, mechanism.
Eventually the mass will become too low for
the star to be degenerate. From this moment
on the period will decrease again as the star
loses mass, and only gravitational radiation will
be at work until the mass of the star will be
almost entirely lost. What little mass will be left
is probably just a rapidly spinning white dwarf
(Nather, 1985).

4.V.E. PROGENITORS AND
DESCENDANTS

ABSTRACT: In general, the progenitors of
cataclysmic variables must be wide binaries with or-
bital periods of months or years. No known class
of stars has been identified with them so far. Alterna-
tively, a small fraction may be formed by extensive
mass accretion onto a planet from a star during a
common envelope phase. At the end of the lifetime
of a cataclysmic variable, mass overflow from the
secondary star continues until this mass is entirely
transferred. A single white dwarf then remains.

All cataclysmic variables contain a white
dwarf primary which can only have evolved
from the core of a red giant or supergiant, thus
from a progenitor whose radius was much
larger than the dimensions of a cataclysmic
system. Since most observed white dwarfs in
cataclysmic variables are rather massive (M,
2 0.45 M), they must have originated
through case C mass transfer which implies a
large angular momentum of the original
system, most of which (up to 95%) must have
been lost during the evolution toward a
cataclysmic variable (Ritter, 1976).

This is about all that can be concluded about
the progenitors from inspection of existing

227



observed systems. Several attempts have been
made to at least qualitatively model stellar
evolution before cataclysmic systems emerge
(e.g., Paczynski, 1976; Ritter, 1976; Webbink,
1979; Law and Ritter, 1983; Paczynski, 1985).
Although the details are by no means well
understood theoretically, there is general agree-
ment about the following overall scenario:

The progenitors must be fairly wide binaries
with orbital periods of many months or years,
in order to later be able to accommodate a red
giant or supergiant in the primary’s Roche lobe,
which in turn is needed in order to eventually
produce a white dwarf. W Ursae Majoris stars
can be excluded as possible candidates, even
though their space density and distribution well
match those of cataclysmic variables
(Duerbeck, 1984, and see Chapter 4.V.A), since
their angular momentum is so small that no
white dwarf could be formed (Ritter, 1976). No
other group of stars has been identified as a
possible class of progenitors.

Whatever the progenitors are, the two stars
must evolve independently for most of their
lives on time-scales dictated by their masses.
The more massive star eventually becomes a red
giant, harboring a future white dwarf in its
core. It will expand and fill its critical volume
as either a giant or a supergiant, depending on
the size of the Roche lobe, and, corresponding-
ly, case B or case C Roche lobe overflow will
take place onto the still rather unevolved secon-
dary star, unless q = 1 (Kippenhahn and
Weigert, 1967). Initially, the mass transfer onto
the secondary star is very violent with a mass-
loss rate as high as 0.1 M _/yr (Webbink,
1979). The secondary star clearly is not able to
adjust to this flood of material and possibly as
soon as within a few orbital periods (Paczyn-
ski, 1976), blows up to become a red giant-like
object. Thus both stars together find themselves
wrapped in a common envelope. Angular
momentum is transferred to the envelope, and
the two cores are drawn ever closer together
while the envelope expands. It is not clear
theoretically how this binary system and the
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envelope finally become detached from each
other. If this scenario is qualitatively correct,
one would expect to observe a close binary
system consisting of a white dwarf and a main
sequence star with an orbital period of less than
2 days to occur inside a planetary nebula.

Observational support for this scenario came
from the detection of several close binary
systems consisting of a white dwarf and a main
sequence star, ten of which are central stars of
planetary nebulae (Ritter, 1986b). In particular
the planetary nebulae must be very young since
they become invisible some 10* years after
their ejection. These so-called pre-cataclysmic
binaries (or V471 Tauri stars) are considered the
immediate progenitors of cataclysmic variables
(Patterson, 1984; Bond, 1985; Ritter, 1986b).

They are not quite cataclysmic systems yet,
however, since the orbital periods are still too
long for the secondary components to fill their
Roche lobes. Again, the known mechanisms for
angular momentum loss which are efficient
enough to act on relevant time-scales are
gravitational radiation and magnetic braking or
expansion of the secondary on nuclear time-
scales. Gravitational radiation is at work in all
binary systems. It has been mentioned above,
however, that contraction of these systems due
to gravitational radiation takes a very long time
for long orbital periods, so that systems for
which only this mechanism applies are not like-
ly to become cataclysmic variables within the
lifetime of the Galaxy. Magnetic braking, on
the other hand, only works within fairly nar-
row limits of physical conditions, namely, a dif-
ferentially rotating secondary which possesses
a convective envelope, implying that it must be
a main-sequence star with a mass between
roughly 0.3 and 1.3 solar masses in a sufficient-
ly close binary system which ensures tidal inter-
actions to be able to force the stars to co-rotate.
Bond (1985) points out that, given all these con-
straints, cataclysmic variables may well be only
a tiny fraction of possible end-products of com-
mon envelope evolution.



Evolution toward and through the life of a
cataclysmic variable was already outlined above
(Chapter 4.V.D): magnetic braking eventually
brings the period down to some three hours;
when this mechanism brakes down, the secon-
dary detaches from its Roche lobe and mass
transfer stops. All further evolution is
dominated by gravitational radiation bringing
the stars ever closer together until mass
overflow resumes again. The orbital period
keeps decreasing until a minimum value is
reached when the secondary becomes
degenerate. After this it increases again until
so much of the secondary’s mass is transferred
that it is not even degenerate any longer. The
period then decreases again as further mass is
lost, until all of this star has finally been can-
nibalized by its white dwarf neighbor.

On the way to this stage, however, further
obstacles can be met. If the white dwarf should
succeed in crossing the Chandrasekhar limit by
accreting enough mass (that this can happen
theoretically is by no means obvious — see
Chapter 4.V.B), the white dwarf will undergo
a supernova explosion of type I which may or
may not destroy the secondary; at any rate such
an event would seriously influence the further
fate of the system. Also, it is not clear
theoretically what repeated nova explosions, if
they occur at all, might do to a system in terms
of angular momentum balance and white dwarf
masses.

As mentioned earlier (Chapter 4.V.D), AM
Canum Venaticorum stars, i.e., systems con-
taining two degenerate stars orbiting around
each other with periods of less than 40 minutes,
cannot be explained by the above scenario,
since the minimum orbital period from gravita-
tional radiation is larger than the orbital period
of two of these systems. A possible explanation
for the existence of such objects was given by
Livio and Soker (1983, 1984b; Livio, 1983 —
see also Rappaport et al, 1982). They start out
from a star-planet system. The star evolves and
becomes a red giant. The planet is exposed first
to a strong stellar wind, later it is embedded in

the envelope and accretes matter, and may, if
conditions are right, finally become a low-mass
star of order 0.14 M . Spiralling-in diminishes
the distance between the planet/star and the
white dwarf core of the giant. It depends on
the initial conditions what the end product of
this evolution will be. If the initial separation
is too small (smaller than some 500 R ), the
planet will spiral into the star before the star
had lost its envelope and only the star is left, if
it is too large (larger than some 2000 R ) the
planet will not be able to accrete a significant
amount of mass and the separation between the
two cores will not be reduced. Concerning
masses, if the initial mass was too small (smaller
than 0.01 M ) the planet will evaporate during
the spiralling-in phase; only if the mass is larger
than some 0.0125 M will a low-mass star
result, of some 0.14 M_, whose mass will be
determined almost entirely by the mass con-
tained in the giant’s envelope.

4.V.F. NOVAE — DWARF NOVAE —
AND NOVA-LIKE STARS

RELEVANT OBSERVATIONS: Except for their
outburst behavior and its immediate consequences,
novae, dwarf novae, and nova-like stars cannot be
physically distinguished from each other.

see 19

ABSTRACT: It is suggested that all systems
cyclically pass through all these stages of activity.

In all of the above discussion no reference
was made to the type of cataclysmic variable
(novae, dwarf novae, or nova-like star) con-
sidered. In fact, observationally, no striking
statistical differences can be found between the
members of the various sub-classes of cata-
clysmic variables except, it seems, for the out-
burst activity. This may be due partly to
difficulties in determining system parameters
reasonably accurately (see Chapter 4.11.C). It
is certainly still an open question why some ob-
jects appear as novae, others as dwarf novae,
and even others as different types of nova-like
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systems. Probably the only clear cases are AM
Canum Venaticorum systems which contain
two degenerate stars, and AM Herculis stars
which are governed by the magnetic field of the
white dwarfs (these two kinds of systems are
not considered here).

Since system parameters of essentially all
cataclysmic variables seem to be approximate-
ly identical, the general feeling is that all these
systems may really be effectively identical, and
just be seen at different stages of a cyclic evolu-
tion. A nova explosion is expected to occur as
soon as a sufficient amount of hydrogen-rich
material has accumulated on the surface of the
degenerate white dwarf. The necessary material
is assumed to come from the secondary star via
the accretion disc. Furthermore, novae by
definition only have been observed to erupt
once, and so far there has been no observa-
tionally imposed reason to change this defini-
tion.* Of course this does not mean that all
novae erupt only once, but only that the out-
burst interval is in excess of a couple of hun-
dred years. Since a nova outburst obviously is
not very traumatic for a cataclysmic system,
such an event well may happen to the system
many times.

There are a few old novae which occasional-
ly exhibit small-scale brightness fluctuations
fairly reminiscent of dwarf nova outbursts (see,
e.g., Livio, 1987): The most prominent exam-
ple is GK Per, discussed extensively elsewhere
in this book. In a tentative scenario, U Gemi-
norum variables, Z Camelopardalis stars, anti-
dwarf novae, and finally UX Ursae Majoris
stars all can be linked comfortably to stages in
an evolutionary sequence with an increasing

*Some recurrent novae have been observed. There is plen-
ty of support, however, for the assumption that they all
contain evolved secondaries which might have played a part
in their evolution. At any rate, they can comfortably be
excluded from considerations concerning the bulk of
cataclysmic variables by stating that they are not typical
representatives of this class, and in fact some of them, like
T CrB, seem almost indistinguishable from symbiotic
systems — see Chapters 9 and 11.
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fraction of time spent in the high/outburst
state.

Following this general idea, Vogt (1982b, see
also, e.g., Shara et al, 1986) tentatively sug-
gested a cyclic behavior in which a nova explo-
sion blows away the entire accretion disc which
then eventually is built up again: first the
system starts to exhibit dwarf nova-like
behavior of an old nova; then it becomes a U
Geminorum star; then, as the torus/disc mass
increases it will be a Z Camelopardalis star, and
later an UX Ursae Majoris star, until enough
hydrogen-rich material has accumulated on the
surface of the white dwarf for it to undergo
another nova explosion. There are observa-
tional as well as theoretical problems with this
scenario. Observationally, there is no evidence
for quiescent novae to be physically significant-
ly different from other cataclysmic variables at
least for the first couple of decades after erup-
tion. In particular there is every indication that
they all possess accretion discs. Theoretically,
the mass-transfer rates of typically some 10™°
M _/yr in UX Ursae Majoris stars are about
an order of magnitude too high for ther-
monuclear reactions to occur on the surface of
the white dwarfs (Paczynski, 1985).

The mass-transfer rates derived for quiescent
novae are of about the same order, some 10~°
M /yr or even higher than those derived for
UX Ursae Majoris stars. This poses the prob-
lem that in novae new nova outbursts are not
expected to occur. On the other hand the
general feeling is that the nova phenomenon is
likely to be a recurrent one. To propose a way
out, Shara et al (1986) and Livio (1987) sug-
gested that after the nova outburst high mass-
transfer rates are maintained for some 50 to 300
years by irradiation of the secondary by the still
hot white dwarf. The two stars are driven
somewhat apart by the outburst. (A period
decrease after, as compared to before, the out-
burst has been claimed for the old nova BT
Mon, observed in 1939 (Shaefer and Patterson,
1983; Livio, 1987). Thus as the white dwarf
cools and is ever less able to heat the secondary,



this star will shrink to its normal dimensions
which, due to the now somewhat enlarged
Roche lobe, will underfill its critical volume and
thus mass transfer will either be strongly re-
duced or be stopped altogether (Livio calls this
state ‘‘hibernation’’), until, by magnetic brak-
ing or by gravitational radiation, the system is
brought into contact again and dwarf nova ac-
tivity is resumed until the next nova outburst

occurs. Observational support for this is an
observed decrease in luminosity in the old nova
RR Pic (Nova Pic 1925) as well as very low
mass-transfer rates for the two very old novae
CK Vul (1670) and WY Sge (1783).

At any rate, concerning this aspect of under-

standing cataclysmic variables, considerable
theoretical work remains to be done.
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SUMMARY

In the preceding chapters an attempt has
been made to convey a picture of the current
state of research in dwarf novae and nova-like
stars. Chapters 2 and 3 summarize the obser-
vational appearance of dwarf novae and nova-
like stars, respectively. The aim in these
chapters was to present the data independent
of any interpretation, while at the same time
to point out implications these observations
have for any model. In order to facilitate
understanding, in particular for newcomers to
the field, a ‘‘general interpretation’’ of the main
observed features within the framework of the
Roche model was given at the end of each
major section. Finally in Chapter 4 the Roche
model for cataclysmic variables and the main
streams of current theoretical work in dwarf
novae and nova-like stars were presented with
abstracts of the relevant observations for the
models preceding major theoretical sections. In
addition, a system of cross-references should
enable easy comparison between similar
features in different sub-classes of dwarf novae
and nova-like stars.

The emerging picture is that,
features and in most respects, dwarf novae and
nova-like stars, as well as quiescent novae are
almost indistinguishable. Nevertheless, in addi-
tion to their different outburst behaviors, there
appear to be some further differences between
dwarf novae and nova-like stars such as:

in gross

¢ a tendency for the Balmer emission lines
of hydrogen to have larger equivalent
widths in dwarf novae than in nova-like
stars (see Chapter 2.111.B.1.a);

RECEDING PAGE BLANK NOT FILMED

¢ in dwarf novae H@ is often of comparable
strength to, or stronger than, Ha, while in
nova-like stars Ho is normally the stronger
line (see Chapter 2.111.B.1.a);

* in some nova-like systems the changes be-
tween high and low brightness states are
considerably more pronounced at optical
wavelengths and in the IR than in the UV,
while in dwarf novae it always is the UV
that is most strongly affected; other nova-
like-stars behave in the same way as dwarf
novae (see Chapters 2.II1.A, 3.I111.B,
3.V.0);

* in several eclipsing nova-like stars the or-
bital hump appears at some times before,
at others after eclipse, while in dwarf
novae it always appears before eclipse (see
Chapters 2.11.B, 3.11.A.1, 3.IV.B);

¢ in dwarf novae the hump amplitude always
seems to be strongest in the optical,
decreases in intensity toward shorter
wavelengths, and is practically absent in
the UV; in some nova-like stars, however,
it was seen to be strong in the optical,
decreases around the U filter, and in-
creases again shortward of this (see
Chapters 2.11.B, 3.11.B, 3.111.A.2).

The reasons for these differences are not yet
inderstood. In fact, hardly any attention has
been paid to them so far. Commonly the
understanding is that nova-like stars can be
regarded as dwarf novae in a permanent state
of outburst. There is evidence, though, that the
differences between these two classes of stars
go beyond this view.
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In general it is difficult to make statements
about ‘‘the’’ behavior of nova-like stars since
this class is far from being a homogeneous one.
The definition of a nova-like star is that, ex-
cept for the outburst behavior, it exhibits all
the photometric and spectroscopic characteris-
tics of a dwarf nova; and then, as was discussed
in Chapter 3, the whole class is divided again
into various sub-classes according to certain
observed properties.

Some comments about this classification
should be made. As was pointed out in earlier
chapters, the distinction between dwarf novae,
novae, and nova-like stars is by no means as
clear as it may seem at first glance. As examples
of this, systems like EX Hya and AE Aqr,
which are classified primarily as nova-like stars
of sub-type DQ Herculis, occasionally are
regarded instead as dwarf novae; and the
system WZ Sge clearly is to be placed some-
where intermediate between dwarf novae of
sub-type SU Ursae Majoris and recurrent
novae. Furthermore WZ Sge clearly exhibits (or
rather exhibited, since no investigations of this
have been published for times after the last out-
burst in 1978) strictly coherent, highly stable
oscillations which would qualify it as a DQ Her-
culis stars, and thus a nova-like variable. Final-
ly, DQ Her itself is regarded as both an old
nova as well as a nova-like system. This list can
be extended, and for many objects, it turns out,
classification is a matter of taste.

It also becomes apparent that problems of
classification are encountered most often with
the nova-like stars of sub-type DQ Herculis.
This group literally comprises objects of all
other classes of cataclysmic variables (see also
Ritter, 1987). The defining characteristic of DQ
Herculis variables is the occurrence of oscilla-
tions which, in any object, are present with the
same periods at all times. From the problems
over classification, it seems likely that these
highly coherent oscillations are a rather com-
mon property of cataclysmic variables as a
whole, quite independent of outburst proper-
ties; consequently their observation is probably
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a very unfortunate basis for classification. . . .
as long as the classification scheme is based
primarily on the properties of the long-term
light curves.

Another difficulty with the currently used
classification scheme exists in the distinction
between UX Ursae Majoris stars and anti-dwarf
novae, since this requires a long and complete
record of observations. Most of the time the
objects in both classes cannot be distinguished
from each other. However, at unpredictable
times, anti-dwarf novae suffer a drop in
brightness by 2 to 5 magnitudes, from which,
after weeks or months, they recover to the nor-
mal ‘‘high’’ state. The first indication for such
behavior was found in 1980 in the object TT
Ari (Krautter et al, 198la). Since then, a con-
siderable number of (former) UX Ursae
Majoris variables were reclassified into anti-
dwarf novae, based on either direct observa-
tions or from inspection of old photographic
plates. It may well be that all UX Ursae Majoris
stars suffer the fate of an anti-dwarf nova from
time to time, and thus both classes are really
identical. The observational proof of this might
be merely a matter of time.

Finally there exists a problem in the
classification of dwarf novae in that the distinc-
tion between U Geminorum stars, on one hand,
and SU Ursae Majoris and Z Camelopardalis
stars, on the other, also requires rather extend-
ed, and in the case of SU Ursae Majoris stars
also rather thorough, observations. By defini-
tion, all systems that are not clearly SU Ursae
Majoris or Z Camelopardalis stars are referred
to as U Geminorum stars. Z Camelopardalis
stars are defined by occasionally undergoing
more or less extended standstills, a behavior
which can be detected simply from long-term
monitoring. The occurrence of standstills seems
to be restricted to systems with short outburst
periods, so it becomes clear which U
Geminorum stars are candidates for being thus
far unrecognized Z Camelopardalis stars, and
these can be monitored more closely. Certainly
the classification should be clear by now for the



long-known systems. Amazingly the exact
classification of the dwarf nova CN Ori, which
first was detected in 1906 (Wolf and Wolf,
1906}, is still a matter of debate: it is com-
monly referred to as a Z Camelopardalis star,
although except for one hand-drawn light-curve
in a notoriously unreliable source (Glasby,
1968, see also Pringle and Verbunt, 1986) there
is no evidence that CN Ori was ever observed
to undergo a standstill.

The occurrence of superoutbursts seems to
be restricted primarily to dwarf novae with or-
bital periods below 2 hours (i.e., below the
period gap), although TU Men is proof that SU
Ursae Majoris systems can also be found at
least just above the gap. In any event, short
period dwarf novae are clearly candidates for
being SU Ursae Majoris systems, and, again,
the extensive migration from being classified as
U Geminorum to SU Ursae Majoris stars in-
dicates that possibly all short-period dwarf
novae are SU Ursae Majoris stars. According-
ly, thorough investigation of the (so far) U
Geminorum stars below the period gap even-
tually might be able to tell whether or not this
is really the case.

In light of all these problems with classifica-
tion, clearly the question arises whether the out-
burst behavior, which currently is the basis of
almost all classification, is really a suitable
criterion for sorting cataclysmic variable into
physically related groups. The two remaining
classes of nova-like systems, the definitions of
which are based on something other than out-
burst activity, are the AM Herculis stars with
their strong polarization, and the AM Canum
Venaticorum stars in the spectra of which no
hydrogen can be found. These two classes are
clearly and unambiguously defined. Possibly,

from a physical point of view, DQ Herculis
stars are a well-defined class. . . . or maybe the
occurrence of stable oscillation is such a com-
mon property that again it is not suitable.
Nevertheless, it seems that, as more detailed
observations of cataclysmic variables become
available, the more pressing becomes the need
to revise their classification scheme, a scheme
which, after all, was designed when nothing but
the outbursts of cataclysmic variables could be
observed.

In spite of all these difficulties, dwarf novae
and nova-like systems are statistically almost
identical in most of their properties, and
theoretically they can be, and have been treated
together, without — at least at the current level
of theoretical understanding — the need for a
more sophisticated distinction arising. To a
large extent this also applies to the modeling
of novae in the quiescent state (i.e., a long time
after outburst).

All dwarf novae, novae, and nova-like stars
that were investigated thoroughly turned out to
be short-period binary systems, and there is no
contradiction to the hypothesis that all of these
objects are indeed binaries. The theoretical
foundation of all modeling these days is the
Roche model (Chapter 4.11.A), and indeed,
within this framework, a surprising large frac-
tion of the observations can be explained. In
particular, all of the gross features can be ac-
counted for. Thus clearly it makes sense to re-
tain this general model for the time being.
However, agreement between theory and obser-
vations is so far still restricted to these gross
features, and our current level of understanding
is far from inspiring hope that we will soon
understand the nature of cataclysmic variables
in detail.
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